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Purpose: Internal radiation dosimetry plays an important role in ensuring the safe use of 
nuclear medicine technology and is a legal requirement in most countries. Conventionally, 
the radiation dose is not personalized, which means informed radiation dose to a patient is 
actually estimated by a rodent data and no consideration of personal information such as age, 
height, and weight. We propose a new technique to estimate the personalized internal 
radiation dose in nuclear medicine by means of multiple D-shuttle dosimeters attached on 
the body surface of the patient.  
Methods: Radioactivity in a source organ was estimated iteratively using measurements from 
multiple D-shuttle dosimeters with a maximum-likelihood expectation-maximization (MLEM) 
algorithm with dose response from a source to a D-shuttle dosimeter computed by Monte 
Carlo simulation. We validated the technique in positron emission tomography (PET) study 
using a National Electrical Manufacturers Association (NEMA) body phantom with 18F-FDG 
solution. The radioactivity concentrations present in the torso cavity and six spheres were 
0.00165 MBq/mL and 1.32 MBq/mL, respectively. Eleven D-shuttle dosimeters were attached 
to the NEMA body phantom surface to obtain information on body surface dose, and a 
mathematical NEMA body phantom has been modelled in the Heavy Ion Transport Code 
System (PHITS) Monte Carlo simulation code. To compare the performance of our proposed 
technique with whole body dynamic PET imaging technique, this phantom was then placed 
over patient’s bed and imaged for one hour. To investigate the errors associated with the D-
shuttle dosimeters positioning on the NEMA body phantom, the mis-locations in a range of 1 
to 5 cm at Z-direction (upper) were assumed instead of their original positions. After 
performing the above-mentioned studies successfully, we performed the several clinical PET 
studies using 15O-water PET radiotracers. Finally, the internal radiation dosimetry was 
estimated through the D-shuttle dosimeter technique in the PET clinical study.  
Results: In the validation, a significant correlation (R2 = 0.992) was found between actual 
radioactivity and estimated radioactivity at every two-minute interval for the torso cavity and 







dosimetry (i.e., cumulative radioactivity, absorbed dose and effective dose) obtained from 
whole body dynamic PET imagining and D-shuttle dosimeter techniques were very close to 
the actual radiation dosimetry. The ratios of absorbed doses obtained from D-shuttle and PET 
measurement against actual were in between 0.9 to 1.3 and 0.7 to 1.0, respectively. The bias 
for the mis-location of dosimeters were significant. The maximum bias of the average 
estimated cumulated radioactivity in each compartment and the effective doses were -49.0 % 
and -71.3 % for the 5 cm shifted positions of all eleven D-shuttle dosimeters, respectively. The 
most of the estimated dosimetries in clinical PET studies were in agreement with the past 
studies.  
Conclusion: D-shuttle dosimeter technique is capable to conveniently estimate the internal 
radiation dosimetry successfully in the PET study. Therefore, this technique can be used to 
evaluate the personalized internal radiation dosimetry routinely in clinical PET study. This 
method may also be useful for single photon emission computed tomography (SPECT) study, 




















I am sincerely grateful to my supervisor professor, Hiroshi Watabe, for his active guidance, 
patience, support, cordial encouragement, sincere supervision and whole hearted co-
operation throughout my PhD studies without which the completion of the present work 
would never be done. He did not only help me and guide my research with his advice, but 
became mentors of mine, to whom I can rely on. I would like to thank professor Manabu 
Tashiro for supporting me in the PET clinical study and allowing me to work on his projects. I 
also would like to thank Dr. Miho Shidahara for her advice and comments on my work.  
 
I would like to thank Mr. Shoichi Watanuki for supporting me a lot during my experiments. I 
would also like to thank Mr. Masayasu Miyake for his help, especially in case of dealing with 
Japanese documentation. 
 
I thank all my lab mates for their advice, comments, participation and support within the lab. 
I also thank the staffs of Cyclotron and Radioisotope Center (CYRIC) at Tohoku University for 
their help, especially in case of dealing with academic documentation. 
  
Special acknowledgement to Ministry of Education, Culture, Sports, Science and Technology 
(MEXT), Japanese Government for giving me the grants to study in Japan.  
 
Finally, I thank my family for their encouragement and continuous support in my life pursue 
and their company through my tough times in Japan.  
















List of Figures……………………………………………………………………………………………………………………..viii 





1.1.  The Effects of Radiation……………………………………………………………………………………………..1 
 1.1.1. Deterministic Effects………………………………………………………………………………………..1 
         1.1.2. Stochastic Effects…………………………………………………………………………………...……….2 
1.2.  Radiation Dose Quantities………………………………………………………………………………………….2 
 1.2.1. Absorbed dose…………………………………………………………………………………………………3 
         1.2.2. Equivalent dose…………………………………………………………………………………….…………3 
         1.2.3. Effective dose…………………………………………………………………………………………………..4 
1.3.  Radiation Exposure in Living Environment………………………………………………………………….6 
1.4.  Positron Emission Tomography (PET) Imaging Technology …………………………………....….7 
1.4.1. Basic principle ……………………………………………………………………………………………...….8 
    1.4.2. PET- radionuclides and radiotracers…………………………………………………………………10 
1.5.  Internal Radiation Dosimetry in Nuclear Medicine……………………………………………………10 
1.6.  Medical Internal Radiation Dose (MIRD) Method………………………………………...…………..11 
1.7.  Monte Carlo Simulation……………………………………………………………………………………………13 
1.8.  MIRD Reference Phantom ……………………………...………………………………………………………14 
1.9. S-Value…………………………………………………………………………………………………………………....22 
1.10. Cumulative Radioactivity…………………………………………………………………………………………23 
          1.10.1. Tissue dissection method in animal species……………………….…………………………24 





       
          1.10.3. Alternative method…………………………………………………………………………………….27     
1.11. Motivation………………………………………………………………………………………………………….….28 
1.12. Structure of Thesis………………………………………………………………………………………………….29 
Chapter 2…………………………………………………………………………………………………………………………...31 
D-shuttle dosimeter technique: A proposed technique for personalized internal radiation 
dose estimation in nuclear medicine……………………………………………………………………………………31 
    2.1.  Objective….………………………………………………………………………………………………………….....31  
    2.2.  D-shuttle Dosimeter…………………………………………………………………………………………………31  
             2.2.1. History of D-shuttle dosimeter……………………………………………………………………….31 
              2.2.2. Dosimeter and its accessories………………………………………………………………………..32 
              2.2.3. Features of D-shuttle dosimeter…………………………………………………………………...34 
              2.2.4. Specifications of D-shuttle dosimeter………………….…………………………………………35 
    2.3. D-shuttle Dosimeter Technique…………………………………………………………………………………36 
    2.4. Particle and Heavy Ion Transport Code System (PHITS)………………………………………………39 
    2.5. Expecting Results and Discussions ….……………………………………….……………………………….39 
Chapter 3……………………………………………………………………………………………………………………………40 
A validation study of D-shuttle dosimeter technique using NEMA body Phantom………………..40 
    3.1.  Purpose of the Validation Study……………………………………………………………………………….40 
    3.2.  Materials and Methods…………………………………………………………………………………………….40 
             3.2.1. A NEMA body phantom………………………………………………………………………………….40 
              3.2.2. Experimental setup…………………….…………………………………………………………………43 
              3.2.3. Mathematical NEMA body phantom………………………………………………………….....44 
               3.2.4. R-value calculation…….…………………………………………………………………………………48 
               3.2.5. Radioactivity estimation……………………………………………………………………………….49 
               3.2.6. MLEM algorithmic response…………………………………………………………………………49 
    3.3. Results………………………………………………………………………………………………………………………49 
               3.3.1. Volumes of compartments of the NEMA body phantom……………………………….49 
               3.3.2. Simulation by PHITS……………………….…………………………………………………………….50         
               3.3.3. Estimated radioactivities………………………………………………………………………………60          
               3.3.4. MLEM algorithmic performance……………………………………………………………….....62 






    3.5. Conclusion………………………………………………………………………………………………………………..69 
Chapter 4……………………………………………………………………………………………………………………………70 
A comparison study using NEMA body Phantom: whole body dynamic PET imaging and D-
shuttle dosimeter techniques………………………………………………………………………………………….….70 
    4.1. Purpose of the Comparison Study……………………………………………………………………………..70 
    4.2. Materials and Methods…………………………………………………………………………………………….70 
            4.2.1. NEMA body phantom preparation…………………………………………………………………..70 
            4.2.2. Whole body PET and body surface dose measurements with D-shuttle 
                       dosimeters…………………………………………………………………………………………….……….70 
            4.2.3. S-value calculation………………………………………………………………………………………….71 
            4.2.4. PET measurement…………………………………………………………………………………………. 72 
           4.2.5. D-shuttle measurement………………………….……………………………………………….………72 
           4.2.6. Effective dose calculation……………….……………………………………………………………….73 
    4.3. Results………………………………………………………………………………………………………………………73 
    4.4. Discussion…………………………………………………………………………………………………………………76 
    4.5. Conclusion………………………………………………………………………………………………………………..78 
Chapter 5……………………………………………………………………………………………………………………………79 
Error evaluation study associated with D-shuttle dosimeter positioning on the NEMA body 
phantom…………………………………………………………………………………………………………………….………79 
    5.1. Purpose of the Error Evaluation Study……………………………………………………………….………79 
    5.2. Materials and Methods…………………………………………………………………………………………….79 
    5.3. Results………………………………………………………………………………………………………………………83 
    5.4. Discussion…………………………………………………………………………………………………………………90 
    5.5. Conclusion………………………………………………………………………………………………………………..92 
Chapter 6……………………………………………………………………………………………………………………………93 
Construction of Japanese reference phantom in PHITS Monte Carlo simulation………..…………93 
    6.1. Purpose of this Study…………………………………………………………………………………….….………93 
    6.2. Materials and Methods………………………………………………………………………………….….……..93 
            6.2.1. Exterior of the Phantom……………………………………………………………………….…………94 






            6.2.3. Composition of the phantom…………………………………………………………………………..96 
    6.3. Results………………………………………………………………………………………………………………….....97 
    6.4. Discussion………………………………………………………………………………………………………………110 
    6.5. Conclusion………………………………………………………………………………………………………………110 
 
Chapter 7…………………………………………………………………………………………………….……….……….....111  
Personalized Dosimetry of [15O] water: A clinical application of D-shuttle dosimeter technique 
in PET study………………………………………………………………………………………………………………………111 
    7.1. Background…………………………………………………………………………………………………………….111 
    7.2. Materials and Methods…………………………………………………………………………………….…….111  
            7.2.1. Subject demography………………………………………………………………………………..……112 
            7.2.2. D-shuttle dosimeter positioning on the human body surface………………..……….112 
            7.2.3. PET scanning protocols and body surface dose measurement with D-shuttle                   
 dosimeters……………………………………………………………………………………………………………118 
            7.2.4. R-value calculation…………………………………………………………………………….…………119 
            7.2.5. Internal radiation dosimetry estimation.………………………………………………………120 
    7.3. Results……………………………………………………………………………………………………………………120 
    7.4.  Discussion………………………………………………………………..…….……………..………………………127 
    7.5.  Conclusion…………………………………………………………….…………………….…...…………………..129 
 
Chapter 8………………………………………………………………………………………………………….………………130  
 Overall conclusions and future directions………………………………………………..………….…130 
Bibliography………………………………………………………………………………………………………….………….136 
Conference and Journal Papers……………………………….…………………………………………….………….146 
Conference proceedings ………………………………………………………………………………………146 








International Conference / Seminar………………………………………………………………………………….146  




 Appendix-1: A surface section for defining the mathematical NEMA body 
phantom.………………………………………………………………………………………………………………….………148 
 Appendix-2: Material section and material name color section of PHITS input for 
defining the composite material of the NEMA body phantom and color definition for graphical 
plots…………………………………………………………………………………………….…………………………………..149 
 Appendix-3: Input file for 3D view of NEMA body phantom in PHITS………………….…..150 
 Appendix-4: Source sections in PHITS input files for defining the torso cavity and six 
spheres of NEMA body phantom as radioactive source organ……………………………………………153 
 Appendix-5: T-point tally in PHITS to obtain the photon energy fluence for all seven 
source organ……………………………………………………………………………………………………………….……158 
 Appendix-6: Input file for S-value calculation in PHITS………………………………….………..160 
 Appendix-7: A surface section in PHITS input file for modelling the Japanese 
mathematical phantom…………………………………………………………………………………………………….162 
 Appendix-8: The material section and the material name, color section of PHITS input 
file for defining the composite material of Japanese reference phantom…………………………..170 
 Appendix-9: The 3D show and 2D show section of PHITS input file for geometry 






List of Figures 
 
Figure 1. 1: Radiation health effects at different exposure levels……………………………………………2 
Figure 1. 2: Radiation exposure in living environment……………………………………………………………7 
Figure 1. 3: SHIMADZU Eminence; a modern PET scanner………………………………………………………8 
Figure 1. 4: An illustration of the basic biophysics which generates an image utilizing the PET 
technology…………………………………………………………………………………………………………………………...9 
Figure 1. 5: Flowchart of the general imaging procedures for positron emission tomography…9 
Figure 1. 6: Concept of the MIRD method. Radiation dose in ith target organ is connected to 
radioactive decay in each source organ and the so-called S-values from source organ to target 
organ………………………………………………………………………………………………………………………………….12 
Figure 1. 7: Mathematical adult phantom, 1960's version (Snyder et al., 1969) ……………………15 
Figure 1. 8: Anterior view of internal organs of the mathematical adult phantom, 1960’s 
version (Snyder et al., 1969) ………………………………………………………………………………….……………16 
Figure 1. 9: Mathematical adult male phantom, 1970's version (Snyder et al., 1978) ……………17 
Figure 1. 10: Illustration of age-specific mathematical phantoms developed by ORNL………….18 
Figure 1. 11: S-value vs body weight for various positron emitting radionuclides; a) Self-
absorbed S-value for the kidney, and b) cross absorbed S-value for the kidney irradiating the 
liver…………………………………………………………………………………………………………………………….………23 
Figure 1. 12: Flowchart of the tissue dissection method in animal species for estimating 
cumulative activity in the human tissue or organ by extrapolating animal data in nuclear 
medicine…………………………………………………………………………………………………………………………….25   
Figure 1. 13: Flowchart of the whole-body PET imaging method for estimating cumulative 
activity in the interested source organ in nuclear medicine……………………………………….………..26 
Figure 2. 1: D-shuttle dosimeters which are capable to record every two-minute dose data in 
the internal memory and can be later read out by a computer interface…………………….………..33 
 




Figure 2. 2: D-shuttle dosimeter with its pocket reader……………………………………………….……….33 
Figure 2. 3: Effective workstation to read out the integrated dose data for calculation and to 
display the dose graphically for easy comprehension…………………………………………………..………34 
Figure 2. 4: Concept of the proposed technique. The body surface dose at the D-shuttle 
dosimeter position is connected to gamma decay in each source organ and R-values from the 
source organ to the D-shuttle dosimeter position………………………………………………………..………36 
Figure 2. 5: Flowchart of the proposed technique for estimating internal radiation dose in PET 
studies………………………………………………………………………………………………………………………….…….38 
Figure 3. 1: NEMA body phantom…………………………………………………………………………….………….41 
Figure 3. 2: Cross-section of the NEMA body phantom; all dimensions are in millimetres …….41 
Figure 3. 3: Phantom insert with hollow spheres; all dimensions are in millimetres and all 
diameters are inside the diameters…………………………………………………………………………….……….42 
Figure 3. 4: Experimental setup and 11 D-shuttle dosimeter (D) positions in Cartesian 
coordinates on the surface of a NEMA body phantom for obtaining body surface doses; (a) 
front side of the phantom and (b) back side of the phantom………………………………………..………43 
Figure 3. 5: Simulated mathematical NEMA body phantom with 11 D-shuttle dosimeter (D) 
positions in Cartesian coordinates; (a) front side of the phantom and (b) back side of the 
phantom…………………………………………………………………………………………………………………………….51 
Figure 3. 6: (a) Coronal view at Y = 0 cm and (b) lateral view at Z = 13.5 cm of the mathematical 
NEMA body phantom in PHITS; there are six spheres, with inner diameters of (1) 37 mm, (2) 
28 mm, (3) 22 mm, (4) 17 mm, (5) 13 mm, and 6) 10 mm…………………………………………….……….51 
Figure 3. 7:  Photon track on XZ plane in PHITS for; a) 10 mm sphere, b) 13 mm sphere, c) 17 
mm sphere, d) 22 mm sphere, e) 28 mm sphere, f) 37 mm sphere, and g) torso cavity in 
mathematical NEMA body phantom…………………………………………………………………………….……..55 
Figure 3. 8: Energy spectrum of a) 10 mm sphere, b) 13 mm sphere, c) 17 mm sphere, d) 22 
mm sphere, e) 28 mm sphere, f) 37 mm sphere, and g) torso cavity obtained by the Monte 
Carlo simulation………………………………………………………………………………………………………………….59 
Figure 3. 9: Correlation between actual radioactivity and estimated radioactivity over 110 min 
of dose measurements (n = 55) in the source organs………………………………………………….………..61 
Figure 3. 10: Number of iterations vs the cumulative radioactivity in each source organ……...63
 




Figure 3. 11: Initial guess vs the cumulative radioactivity in each source organ…………………….63 
Figure 4. 1: Positioning of D-shuttle dosimeters and NEMA body phantom imaging set up as 
performed in this PET study……………………………………………………………………………………….……….71 
Figure 4. 2: Super imposed of transmission and emission scans; PET images………………..………72 
Figure 4. 3: Cumulative radioactivity ratios between the PET and D-shuttle measurements 
against actual value for all seven source organs (i.e., the torso cavity and six spheres) …........75 
Figure 4. 4: Absorbed dose ratios between the PET and D-shuttle measurements against 
actual value for all seven source organs (i.e., the torso cavity and six spheres). …………..…….…76  
Figure 5. 1: D-shuttle dosimeters on the surface of NEMA body phantom; the arrow indicates 
the centre of mis-located D-shuttle dosimeters at Z direction (upper) in a range of 1 to 5 cm 
from the original positions (the mis-located D-shuttle dosimeter positions attached the 
backside of the phantom was not shown) ………………………………………………………………….……….80 
Figure 5. 2: Mathematical NEMA body phantom in Monte Carlo simulation with accurate and 
mis-located positions of the D-shuttle dosimeters (D) in the Cartesian co-ordinates; the green 
and red colors (points) show the accurate positions and the 5 cm shifted positions, 
respectively…………………………….…………………………………………………………………………………..….….81 
Figure 5.3: The lateral view at z=13.5 cm of the NEMA body phantom in PHITS; red color 
represents the position of six spheres in torso, with inner diameters of (1) 37 mm, (2) 28 mm, 
(3) 22 mm, (4) 17 mm, (5) 13 mm, and 6) 10 mm; x, y, z are 3 dimensional positions and r is 
the radius of the spheres (units are in cm)……………………………………………………………………………82 
Figure 5. 4: Box plots  of the bias (%) in the cumulative radioactivity of the torso cavity and six 
spheres associated with the mis-location of D-shuttle dosimeters; bias due to a) 1 cm mis-
location, b) 2 cm mis-location, c) 3 cm mis-location, d) 4 cm mis-location and e ) 5 cm mis-
location at z direction upper from the original positions. D1, D1-D2, D1-D3,…., D1-D11 indicate 
that one (i.e., D1), two (i.e., D1 and D2), three (i.e., D1, D2 and D3),……, eleven (i.e., D1 to 
D11) D-shuttle dosimeters were mis-located, respectively. Red filled circle represents the 
average cumulative radioactivity………………………………………………………………………………..………87 
Figure 5. 5: Box plots of the bias (%) in the absorbed dose of the torso cavity and six spheres 
associated with the mis-location of D-shuttle dosimeters; bias due to a) 1 cm mis-location, b) 
2 cm mis-location, c) 3 cm mis-location, d) 4 cm mis-location and e ) 5 cm mis-location at z 
 




direction upper from the original positions. D1, D1-D2, D1-D3,…., D1-D11 indicate that one 
(i.e., D1), two (i.e., D1 and D2), three (i.e., D1, D2 and D3),……, eleven (i.e., D1 to D11) D-
shuttle dosimeters were mis-located, respectively. Red filled circles represent average 
absorbed doses……………………………………………………………………………………………….………………….90 
Figure 6. 1: The 3D view of the Japanese Reference Phantom; a) adult male, and b) adult 
female………………………………………………………………………………………………………….………………..…..98 
Figure 6. 2: Coronal view of the principal organs of Japanese reference phantom at; a) Y=0 cm, 
b) Y= 5 cm, and c) Y=-5cm…………………………………………………………………………………………….……100 
Figure 6. 3: Lateral view of the head and neck portion of the Japanese reference phantom at 
a) Z= 74.0 cm, b) Z= 73.0 cm, c) Z=69 cm, and d) Z= 64.0 cm………………………………………….……102 
Figure 6. 4: Lateral view of the trunk portion of the Japanese reference phantom at a) Z= 62.0 
cm, b) Z=-52.0 cm, c) Z=-48.0 cm (male), d) Z= 48.0 cm (female), e) Z=44.3 cm, f) Z= 44.0 cm,  
g) Z=37.0 cm, h) Z= 36.0 cm, i) Z= 30.0 cm, j) Z= 24.0 cm, k) Z=19.0 cm, l) Z=13.0 cm (male), m) 
Z= 13.0 cm (female), n) Z= 7.0 cm, and o) Z= 4.0 cm……………………………………………..…………….107 
Figure 6. 5: Lateral view of the leg portion of the Japanese reference phantom at a) Z= 0.0 cm 
(male), b) Z=-2.0 cm (male), c) Z=-2.0 cm (female)…………………………………………….….……………108 
Figure 6. 6: Skeleton system of Japanese reference phantom in PHITS……………………………….109 
Figure 7. 1: A common frame with 14 D-shuttle dosimeters (D2 to D15) to place on the trunk 
region of the subject for measuring the body surface doses during PET study…………………….113 
Figure 7. 2: Schematic diagram of 15 D-shuttle dosimeters positioning on the subject’s body 
for detection of body surface doses…………………………………………………………………….…………….114 
Figure 7. 3: D-shuttle dosimeter positioning on the torso region of the subject…….……………115 
Figure 7. 4: D-shuttle dosimeter positioning on the subject’s head……………………….……………115 
Figure 7. 5: Japanese reference phantom (JRP) and personalized mathematical Phantom 
simulated by PHITS; a) (JRP) b) subject-1, b) subject-2, c) subject-3, and d) subject-4….………121 
Figure 7. 6: Time-dose curve due to four times bolus injections of [15O] water; these body 
surface doses at 2 minutes’ interval were measured by 15 D-shuttle dosimeters (D1 to D15) 
attachment in the 3rd session of subject-1……………………………………………………………….……….122   
Figure 7. 7: Time activity curve of nine source organs for bolus injection of [15O] water 






List of Tables 
 
Table 1.1: The radiation weighting factors for certain types of radiation………………………………..4 
Table 1.2: Tissue weighting factor for calculating effective dose (or effective dose equivalent) 
……………………………………………………………………………………………………………………………………………..5 
Table 1.3: Positron-emitting radionuclides of interest for biomedical studies………………………10 
Table 1.4: Elemental composition of body tissues in the MIRD phantom expressed as 
percentage by weight and density of body tissues in [g/cm3]………………………………………………19 
Table 1.5: Organ volume of the ORNL reference phantoms………………………………………….………21 
Table 1. 6: The height, volume, and weight of the age-specific ORNL phantoms………….……….22   
Table 2.1: Specifications of D-shuttle Dosimeter………………………………………………………………….35 
Table 3. 1: Phantom data for spheres………………………………………………………………………….….……47 
Table 3. 2: Volumes (in ml) of the NEMA body phantom's compartments…………………………….62 
Table 3. 3: R-values (mGy/MBq.s) at 11 D-shuttle dosimeter positions (D) for each fillable 
compartment (treated as source organ) of the NEMA body phantom obtained from the PHITS 
simulation………………………………………………………………………………………………………………….……….60 
Table 3. 4: Actual initial radioactivity and estimated initial radioactivity of each fillable 
compartment (mean with standard deviation, n=55) of the NEMA body phantom [MBq]….…73 
Table 4. 1: S-values (mGy/MBq.s) for the torso cavity and six spheres of NEMA body phantom 
obtained from the Monte Carlo (PHITS) simulation………………………………………………………….….74 
Table 4. 2: The actual and estimated cumulative radioactivities [kBq.h/MBq] of the torso 
cavity and six spheres of the NEMA body phantom………………………………………………………….….74 
Table 4. 3: Absorbed dose estimates [mGy/MBq] to target organs and effective 
dose[mSv/MBq] from 18F-FDG……………………………………………………………………………………….….75 
Table 5. 1: Number of miss-determined D-shuttle dosimeters and bias (%) in the average 
cumulative radioactivity of the torso cavity and six spheres and in the effective dose 
associated with D-shuttle dosimeter positioning on the NEMA body phantom surface……..…84 
Table 6. 1: Height and weight of the major sections for representing the Japanese reference 
phantom…………………………………………………………………………………………………………………………….94 
 




Table 6. 2: Organ volume [cm3] in Japanese reference phantom (adult male and female) ……95 
Table 6. 3: Elemental composition of body tissues in the Japanese reference phantom (adult 
male and female) expressed as percentage by weight and density of body tissues in [g/cm3] 
……………………………………………………………………………………………………………………………………………96 
Table 7. 1: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-1…………………………………………………………………………………………………………116 
Table 7. 2: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-2…………………………………………………………………………………………………………116 
Table 7. 3: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-3…………………………………………………………………………………………………………117 
Table 7. 4: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-4…………………………………………………………………………………………………………117 
Table 7. 5: The injected activity of the tracer [15O] water…………………………………………………...118 
Table 7. 6: Outer body dimensions of the four human subjects participated in [15O] water PET 
study…………………………………………………………………………………………………………………………………119 
Table 7. 7: The cumulated activities (±SD) in kBq.h/MBq of nine source organs for each subject 
for bolus injection of [15O] water estimated by D-shuttle dosimeter technique………………….124 
Table 7. 8: Comparison of cumulated activities of this work for bolus injection of [15O] water 
and other studies due to bolus injection of [15O] water or inhalation of [15O] carbon 
dioxide…………………………………………………………………………………………………………………….……….124 
Table 7. 9: Absorbed dose estimates in mGy/MBq (mean ± standard deviation) to various 
target organs and effective dose in mSv/MBq for each subject from [15O] water calculated by 
D-shuttle dosimeter technique………………………………………………………………………………………….125   
Table 7. 10: Comparison of dosimetry of [15O] water in PET study; the dose estimates for 
various organs obtained from D-shuttle dosimeter technique were compared to the past 
studies reported by ICRP-106, Brihaye et al., Narayana et al., Deloar et al., and Kearfott et 








AIST   National Institute of Advanced Industrial Science and Technology 
11C  Carbon-11 
C  Carbon 
Ca  Calcium 
Cl  Chlorine 
CYRIC   Cyclotron and Radioisotope Center 
CT  Computed Tomography  
CV  Coefficient of Variation  
D  D-shuttle dosimeter 
3D   Three-dimensional  
DICOM Digital imaging and communications in medicine 
DNA  Deoxyribonucleic acid 
EANM   European Association of Nuclear Medicine 
18F  Fluorine-18   
F  Fluorine 
Fe  Iron 
FDG  Fluorodeoxyglucose 
FOV  field of view 
GPS  Global-positioning System 
68Ga  Gallium-68 
GSO  gadolinium oxyorthosilicate 
H  Hydrogen 
IAEA  International Atomic Energy Agency  
ICRP  International Commission on Radiological Protection   
ICRU  International Commission on Radiation Units and Measurements 
IEC  International Electrotechnical Commission  
JAEA  Japan Atomic Energy Agency 





KEK  High Energy Accelerator Research Organization 
Mg  Magnesium 
MIRD  Medical Internal Radiation Dose 
MLEM  Maximum-Likelihood Expectation-Maximization  
MPI   Message Passing Interface  
MRI  Magnetic Resonance Imaging 
NEMA  National Electrical Manufacturers Association 
13N  Nitrogen-13 
N  Nitrogen 
Na  Sodium 
NIRS  National Institute of Radiological Sciences 
15O  Oxygen-15 
O  Oxygen 
OLINDA Organ Level Internal Dose Assessment    
ORNL  Oak Ridge National Laboratory 
P  Phosphorus 
Pb  Lead 
PET  Positron Emission Tomography  
PHITS  Heavy Ion Transport Code System 
PMMA  polymethylmethacrylate 
PVE  Partial Volume Effect 
82Rb  Rubidium-82 
Rb  Rubidium 
RCBF  Regional cerebral blood flow 
RIST  Research Organization for Information and Technology 
S  Sulfur 
SAF  Specific Absorbed Fraction 
SD  Standard Deviation  
Si  Silicon 





Sr  Strontium 
TAC  Time Activity Curve 
TLD  Thermoluminescent Dosimeter 
VOI   volume of interest  
Zn  Zinc 










𝝀 radioactive decay constant       [s-1] 
μenρ−1 the mass energy absorption coefficient    [m2/kg] 
𝝍(𝑬) the photon fluence as a function of energy per unit cumulative 
radioactivity in the source organ      [1/cm2/source] 
∅𝒊  the absorbed fraction for radiation I     [kg
-1] 
∆𝒊  the mean energy of radiation type i     [MeV] 
?̃? the total cumulative radioactivity in human organ   [MBq.h] 
?̃?𝒋 the cumulative radioactivity in the j
th source organ   [MBq.h] 
A(t) the present radioactivity in the source organ   [MBq] 
𝑨𝒋(𝒕) the radioactivity at time t in the j
th source organ   [MBq] 
𝑨𝒋(𝒕)
(𝒏) estimated radioactivity at time t at the nth iteration 
 in the jth source organ       [MBq]  
As  the activity in source s      [MBq] 
?̌?𝒔  total number of nuclear transformations in source s  [MBq.h] 
CV Coefficient of Variation       [%] 
di(t) the body surface dose at the ith D-shuttle dosimeter  
position at time t       [mSv] 
?̅?𝜸(𝒗 ← 𝒔)  the mean absorbed dose to volume v in source s  [mGy] 
𝑫𝒊      radiation dose in the i
th target organ     [mGy] 
DT,R  internal radiation dose from radiation R in a tissue or organ T  [mGy] 
E effective dose        [mSv] 
HT the equivalent dose in a tissue or organ    [mSv] 
R the radiation dose at the ith D-shuttle dosimeter position per 
unit cumulative radioactivity in the jth source organ   [mGy/MBq.s] 
𝑹𝒊,𝒋    the radiation dose at the i
th D-shuttle dosimeter position per 
unit cumulative radioactivity in the jth source organ   [mGy/MBq.s] 
mv  the mass of target volume v      [kg] 






𝑺𝒊,𝒋    the radiation dose in the i
th target organ per unit  
Cumulative radioactivity in the jth source organ   [mGy/MBq.s] 
𝑻𝒌(∞) the body surface dose for infinite time at the k’th TLD position [mSV] 
𝑻𝒌(𝒕𝟎)  the body surface dose at the k
th TLD position during the  
measuring time period 𝑡0      [mSv] 
T1/2  half-life of the radiotracers      [s] 
WR  radiation weighting factor      unit less 

















Nuclear medicine is a medical field to examine and diagnose a patient through 
radiopharmaceuticals and imaging techniques such as positron emission tomography (PET) 
and single photon emission computed tomography (SPECT). The nuclear medicine utilizes 
radioisotope labeled biomolecules, and detection of gamma rays produced by radioactive 
decay, in order to generate 3D functional images of the body. By altering the 
radiopharmaceuticals, the nuclear medicine enables to diagnose several diseases such as 
cancer, heart failure, brain stroke, and dementia. The radioisotopes have long been 
indispensable in nuclear medicine technology, although ionizing radiation has sufficient 
energy to affect the atoms in living cells and poses a health risk of the patient.   
 
1.1. The Effects of Radiation  
 
When Ionizing radiation penetrates into the human body, it affects the atoms in living cells 
and their genetic material (DNA) is damaged. Fortunately, the living cells in the human bodies 
are extremely efficient to repair most of this damage. If this damage is not repaired correctly, 
the affected cells may die or eventually become cancerous. The biological effects observed in 
irradiated persons fall into one of two categories; Deterministic effect and Stochastic effect. 
 
1.1.1. Deterministic effects 
 
 Deterministic effects which result in a direct effect, and occurs from radiation-induced cell 
death at a high enough exposure rate, and can impair the integrity of the organs and tissues 
in the human body. A threshold dose is needed for damage to become clinically observable, 
and the extent of damage depends on the absorbed dose, dose rate, and radiation quality.  
 





Figure 1. 1: Radiation health effects at different exposure levels (ARPANSA Fact Sheet, 2015) 
 
Thus, the severity of this effect increases with increasing absorbed dose. Early tissue reactions 
include gastrointestinal symptoms (e.g., haemorrhagic diarrhoea), bone marrow failure (e.g., 
anaemia and leucocytopenia), skin disturbance (e.g., erythema and epilation), and various 
other symptoms, and late tissue reactions are cataracts, cardiovascular 
disorders, and necrosis. Generally, there will be no direct effect exposure for properly 
performed diagnostic examinations. 
 
1.1.2. Stochastic effects 
  
Exposure to ionising radiation, even at low doses, can cause damage to the genetic material 
(DNA) in living cells, which might result in radiation-induced cancer years later, or in heritable 
disease in the descendants of the exposed individual. These effects are known as stochastic 
effects of radiation. The probability of the occurrence of the stochastic effect depends on the 
dose but not severity. The risk of stochastic effects increases with dose, with no threshold.  
 
1.2. Radiation Dose Quantities  
       
The health risk from high radiation doses is relatively well quantified, but for low radiation 
doses is more limited. While there is a possible increased risk of the stochastic effects at low
 




radiation doses or for radiation delivered over a long period of time, although these effects 
are not always detectable. Australian radiation protection and nuclear safety agency has 
published the following chart for radiation health effect at different exposure levels (Figure 
1.1). Therefore, it is essential to evaluate the radiation dose quantities which are described 
in three ways: absorbed dose, equivalent dose, and effective dose.   
 
1.2.1. Absorbed dose  
 
Absorbed dose describes the intensity of the energy deposited in any small amount of tissue 
located anywhere in the human body as a result of an exposure to ionizing radiation, and used 
to assess the potential for biochemical changes in specific tissues. The absorbed dose is 
measured in a unit called the gray (Gy). A dose of one gray is equivalent to the energy 
deposited per unit weight (J/kg) at each organ or tissue exposed to radiation. Absorbed dose 
in a tissue depends on the type of medical examination. For example; the purpose of 
computed tomography (CT) examination for upper abdomen of a patient, the absorbed dose 
to the chest is very low, because it has only been exposed to a small amount of scattered 
radiation. The absorbed dose to the stomach, liver, pancreas and other organs is greatest, 
because these organs have been directly exposed.    
 
1.2.2. Equivalent dose  
 
When ionizing radiation is absorbed in the tissues or organs or body, a biological effect may 
be observed. This effect depends on the type of radiation (e.g., alpha, beta, gamma, etc.) and 
the tissue or organ receiving the radiation. For example, 1 Gy of alpha radiation is more 
harmful to tissue than 1 Gy of beta radiation. The equivalent dose provides a single unit which 
accounts for the assessment of harm of different types of radiation. A factor used to equate 
different types of radiation with different biological effectiveness is called radiation weighting 
factor (wR). This weighted absorbed quantity is called the equivalent dose. The equivalent 
dose is measured in a unit called the sievert (Sv). This means that 1 Sv of alpha radiation will 
have the same biological effect as 1 Sv of beta radiation. To obtain the equivalent dose, the 
 




absorbed dose is multiplied by the radiation weighting factor (wR). The equivalent dose to a 
given tissue or organ is  
  
                                𝐻𝑇 = ∑𝑤𝑅
𝑇
𝐷𝑇,𝑅                                                                               (1.1)    
 
Where, DT,R is the internal radiation dose from radiation R in a tissue or organ T, and wR is the 
radiation weighting factor. The radiation weighting factors for certain types of radiation as 
published in International Commission on Radiological Protection (ICRP) 60 are tabulated in 
Table 1.1. 
 
Table 1. 1: The radiation weighting factors for certain types of radiation. 
Type of Radiation Radiation weighting factor 
X-rays 1 
Gamma rays 1 
Beta particles 1 
Slow neutrons 5 
Fast neutrons 10 
Alpha particles  20 
 
1.2.3. Effective dose 
 
Effective dose has been defined and introduced by ICRP for risk management purposes. The 
effective dose is measured in a unit called the sievert (Sv), and used to assess the potential 
for long term effects of the patient’s whole body that might occur in future and to compare 
the stochastic risk of non-uniform exposure to radiation. Since different tissues and organs 
have different radiation sensitivities, body tissues react differently to radiation and cancer-
induction occurs at different rate of dose in different tissues. For example, bone marrow is 
much more radiosensitive than muscle or nerve tissue. A factor used to equate different types 
of tissues with different biological effectiveness is called tissue weighting factor (wT).  
 




Table 1. 2: Tissue weighting factor for calculating effective dose (or effective dose equivalent) 
Tissue Tissue Weighting Factor 
ICRP 26 (1977) ICRP 60 (1990) ICRP 103 (2007) 
Bladder  0.05 0.04 
Bone marrow (red) 0.12 0.12 0.12 
Bone surface 0.03 0.01 0.01 
Brain   0.01 
Breast 0.15 0.05 0.12 
Colon  0.12 0.12 
Esophagus  0.05 0.04 
Gonads 0.25 0.20 0.08 
Liver  0.05 0.04 
Lung 0.12 0.12 0.12 
Salivary glands   0.01 
Skin  0.01 0.01 
Stomach  0.12 0.12 
Thyroid 0.03 0.05 0.04 
Subtotal 0.70 0.95 0.88 
Remainder 0.30 0.05 0.12* 
Total  1.00 1.00 1.00 
 
* ICRP publication 103 remainder tissues include adrenals, extrathoracic (ET) region, gall 
bladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small 
intestine, spleen, thymus, uterus/cervix. 
 
To obtain an indication of how exposure can affect overall health, the equivalent dose can be 
multiplied by the tissue weighting factor (wT) related to the risk for a particular tissue or organ. 
This multiplication provides the effective dose absorbed by the body. If the body is uniformly 
irradiated, the summed effective doses are equal to 1. According to ICRP 103, the effective
 




dose is the sum of the equivalent doses over a defined ensemble of organs each weighted by 
a tissue weighting factor and expressed by the following formula:   
 
                            𝐸 = ∑ 𝑤𝑇𝑇 𝐻𝑇                                                                                            (1.2) 
 
Where HT is the equivalent dose in a tissue or organ, wT is the tissue weighting factor. The 
tissue weighting factors for calculating effective dose (or effective dose equivalent) are listed 
in Table 1.2 as published by ICRP. 
These factors are normalized in such a way as to ensure that when a person received a 
uniform gamma exposure, the effective dose in sieverts is equivalent to the absorbed dose in 
grays. The equivalent doses that are used to calculate the effective doses represent amount 
of energy deposited per unit of volume in an organ or tissue, and are independent of the size 
this organ or tissue. If the weighting factors are correctly determined, then valid comparisons 
can be made between the doses absorbed by people of differing sizes or ages, such as a baby 
and an adult.  
 
1.3. Radiation Exposure in Living Environment 
 
The National Institute of Radiological Sciences (NIRS), Japan has created a chart of dose scale 
for radiation exposure in living environment by representing the dose of radiation in milli 
sievert (mSv) to the entire human body considering sensitivity of each organ or tissue to 
cancer and hereditary effects (Figure 1.2). In our daily life, we are always exposed to the 
natural background radiation and artificial radiation. Medical diagnostic tests and treatments 
are the largest source of artificial (or man-made) radiation exposure in many countries. There 
is a growing concern over the radiation exposure of a patient due to radiotracer 
administration during the PET study. Radiation exposure of a patient from a PET scan is 
modest and depends on the activity of the administrated radiotracer and is typically 8 mSv 
for adults using 400 MBq of the 18F-Fluoro deoxyglucose and is the same whether a part of 
the body or the whole body is imaged. 
 
 





Figure 1. 2: Radiation exposure in living environment (NIRS Report, 2013) 
 
1.4. Positron Emission Tomography (PET) Imaging Technology   
 
Positron emission tomography (PET) is an important radioisotope imaging modality in nuclear 
medicine for the diagnosis, prognosis, staging, treatment response monitoring, and radiation 
therapy planning for a wide range of malignancies (Figure 1.3). Nowadays, is has been 
revolutionary in the diagnosis of cancer.    
 




         
Figure 1. 3: SHIMADZU Eminence; a modern PET scanner (Shimadzu site) 
 
1.4.1. Basic principle   
 
The PET imaging technology utilizes the unique decay characteristics of positron (i.e., an 
antiparticle to electron with the same mass but with opposite electric charge) emitting 
radionuclides. A significant amount of radiopharmaceutical synthesized from radionuclide is 
administered to the patient. When one of the radionuclide atoms decays, a positron is 
emitted from the nucleus and travels a very short distance in the tissue (typically 10-1 to 100 
mm) and annihilates with an electron in the tissue. The annihilation of the particles results in 
the simultaneous emission of back to back 511 keV gamma rays, as shown in Figure 1.4. The 
PET systems have sensitive detector panels that register simultaneous gamma hits and their 
location, thus defining the line alone which the positron emission took place. The three - 
dimensional functional images of the body reflecting the concentration of the positron-
emitting radionuclide can be produced by collecting large numbers of gamma-ray pair events 
(typically 106 to 107).                                                                                                                                                                        
 





Figure 1. 4: An illustration of the basic biophysics which generates an image utilizing the PET 
technology (Jacob et al, 2013). 
 
 
Figure 1. 5: Flowchart of the general imaging procedures for positron emission tomography 
(The electronic text book, University of Calgary Site, 2013-2015)
Radionuclide Generation  
• Cyclotron 
• Nuclear Reactor  
• Radionuclide Generator  
Radiotracer Production  
• Synthetic biomolecules 
• Coordination complexes  
• Salts  
Radioactive Decay 
• Positron emission  
• Annihilation 




• Ring of detectors of PET  
Image Reconstruction  
• Iterative reconstruction   
 




More sophisticated statistical algorithms are also available to reconstruct the data. Figure 1.4 
represents the flowchart of the general imaging procedures for positron emission 
tomography. 
 
1.4.2. PET- radionuclides and radiotracers  
 
Manmade radionuclides became available for medical use in the late 1930s and the 1940s. 
These radionuclides are now widely using in the medical science. There are several positron-
emitting radionuclides that have been used in PET technology. A list of some commonly used 
positron-emitting radionuclides and their characteristics appears in Table 1.3.   
 
Table 1. 3: Positron-emitting radionuclides of interest for biomedical studies.  
Nuclide Half-life Production Tracer Application 
11C 20 min Cyclotron Methionine Tumour protein synthesis 
13N 9.97 min Cyclotron Ammonia Myocardial blood flow 
15O 122 sec Cyclotron Water Cerebral blood flow 
18F 110 min Cyclotron FDG Glucose metabolism 
68Ga 68.1 h 68Ge/68Ga generator DOTANOC Neuroendocrine imaging 
82Rb 75 sec Reactor, Cyclotron 82Rb Myocardial perfusion 
 
1.5. Internal Radiation Dosimetry in Nuclear Medicine 
 
In 1964 and 1965, Ellett et al. performed the Monte Carlo calculations for photon sources of 
various energies and for target volumes of various sizes and shapes and estimated the 
absorbed dose to the specific tissues. It was the first application of Monte Carlo methods to 
radionuclide dosimetry calculations. They formulated an equation and used to internal 
dosimetry calculations. Their equation for absorbed dose estimation from a gamma ray 
emitter can be written as follows.      
 
                                                                                                                                                                      
 




?̅?𝛾(𝑣 ← 𝑠) = ?̌?𝑠 ∑
∆𝑖∅𝑖(𝑣←𝑠)
𝑚𝑣
𝑖                                                                                                             (1.3) 
 
Where ?̅?𝛾(𝑣 ← 𝑠)  is the mean absorbed dose to volume v from radioactivity in source s that 
emits gamma-rays. The symbol As represents the activity in source s, and the symbol 
?̌?𝑠 represents the time integral of the activity for the time interval of interest and is called, in  
medical internal radiation dose (MIRD) terminology, the cumulated activity. Thus, ?̌?𝑠 
represents the total number of nuclear transformations in source s during the time of interest. 
The symbol ∆𝑖  represents the mean energy of radiation type i emitted per nuclear 
transformation; values of ∆𝑖 are tabulated for various radionuclides in Weber et al. The 
symbol ∅𝑖 represents the absorbed fraction for radiation i, and the argument of  ∅𝑖  indicates 
that it is the fraction of the energy emitted by source s that is absorbed in target volume v. 
Finally, mv is the mass of target volume v. This equation (1.3) was limited to gamma rays, and 
there is no reason why this equation must be limited to gamma rays. Later on, this equation 
was reformed in general terms by MIRD committee and published in 1968 in the MIRD 
pamphlet no. 1.  
 
1.6. Medical Internal Radiation Dose (MIRD) Method 
 
In 1965, The Medical Internal Radiation Dose (MIRD) committee was formed by the Society 
of Nuclear Medicine and charged with the responsibility of providing the nuclear medicine 
community with guidance on how to calculate the radiation dose from radionuclides. The 
MIRD facilitates the problem of assessing internal radiation doses by providing models, 
methodologies, and schema. The internal radiation dosimetry formulation has been adopted 
by the MIRD computational methodology and simplifies radiation dose calculations for 
specified target organs from the cumulative radioactivities in source organs and the so-called 
S-values from the source organ to the target organ (Figure 1.6). Doses due to radioactive 
decay in source organs are expressed by the following formula: 
 
                 𝐷𝑖 = 𝑆𝑖,1. ?̃?1 + 𝑆𝑖,2. ?̃?2 + 𝑆𝑖,3. ?̃?3 + ⋯                                                                             (1.4) 
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Figure 1. 6: Concept of the MIRD method. Radiation dose in ith target organ is connected to 
radioactive decay in each source organ and the so-called S-values from source organ to target 
organ (Islam et al, 2018).         
                                                                                                                           
         𝐷𝑖 = ∑ 𝑆𝑖,𝑗 . ?̃?𝑗𝑗 .                                                                                                                          (1.5) 
 
Where, ?̃?𝑗 is the cumulative radioactivity in the jth source organ, Di is the radiation 
dose in the ith target organ, and 𝑆𝑖,𝑗  is the radiation dose in the ith target organ per unit 
cumulative radioactivity in the jth source organ. This equation can also be expressed by the 
following matrix equation: 
 










𝑆1,1 𝑆1,2   ⋯ 𝑆1,𝑗
𝑆2,1 𝑆2,2   ⋯ 𝑆2,𝑗
⋮      ⋮     ⋱     ⋮
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The source organs are radioactive, and the target organ is the organ in which the dose is 
calculated, and the target and source organs can be the same organ. There are few methods 
for estimating the cumulative radioactivity in the source organ of a patient, and the S-value 
can be calculated using an MIRD reference phantom and a Monte Carlo simulation. Finally, 
the radiation dose of the target organ can be estimated from the cumulative radioactivities 
in the source organs by using computer software, such as the MIRDOSE software, 
OLINDA/EXM software, SPRIND Software, Hybrid Dosimetry software, etc. 
 
1.7. Monte Carlo Simulation 
 
The Monte Carlo technique was introduced during the 2nd World War. Nowadays, it has 
become one of the most important tools in different areas of medical physics following the 
development and subsequent implementation of powerful computing systems for clinical use. 
The applications of the Monte Carlo techniques in medical physics cover almost all areas, such 
as radiation protection, diagnostic radiology, radiotherapy and nuclear medicine, with an 
increasing interest in exotic and new applications, such as intravascular radiation therapy, and 
boron neutron capture therapy. In the Monte Carlo technique, the physical systems and 
phenomena are simulated by statistical methods employing random numbers. The general 
idea of Monte Carlo method is to form a computerised model, which is as similar as possible 
to the real physical system, and to create interactions within that system based on known 
probabilities of occurrence, with random numbers of sampling of the probability. As the 
number of histories (i.e., individual events) is increased, the quality of the simulated outputs 
of the system improves, meaning that the statistical relative error decreases. Almost any 
complex physical system can be modelled in Monte Carlo code. The transport of ionizing 
radiation particles is simulated by defining a source region with random numbers of particles 
and a tally with the tracking of the particles; the particles or rays from the source region 
travels through the system and create the interactions within the system with the random 
particle numbers and then the particles are traced by the defined tally section to evaluate 
their trajectories and energy deposition at different points in the system. These interactions 
determine the penetration and motion of particles. The energy deposited during each
 




interaction gives the radiation absorbed dose, when divided by the appropriate values of 
mass. The mean absorbed dose at points of interest can be obtained with acceptable relative 
errors by performing the Monte Carlo simulation with the sufficient number of interactions. 
The major issues associated with the Monte Carlo technique include how well the real system 
of interest can be simulated by a geometrical model, how many histories (i.e. how much 
computer time) are needed to obtain acceptable relative errors (i.e., uncertainties) (usually 
around 5%, no more than 10%) and how can measured data be used to validate the 
theoretical calculations. 
 
1.8. MIRD Reference Phantom 
 
Computerized anthropomorphic mathematical (also called stylised) phantoms can be defined 
by equation-based analytical functions. For purposes of internal radiation dose calculation, 
and due to the required computational characteristics, family anthropomorphic 
mathematical phantoms associated with Monte Carlo simulations have been developed by 
the Oak Ridge National Laboratory (ORNL), and these phantoms are categorized as MIRD 
reference phantoms. Mathematical phantoms consist of regularly shaped continuous objects 
defined by combinations of simple mathematical geometries. Mathematical phantoms have 
the advantage of being able to model anatomical variability and dynamic organs easily. In the 
1960s, the first mathematical phantom representing an adult human in use of Monte Carlo 
techniques was the development of the Fisher–Snyder heterogeneous, hermaphrodite, 
anthropomorphic model of the human body to estimate doses from photon emitting 
radionuclides within organs of the body. This phantom, referred to as ‘MIRD-5 phantom’, was 
reported in Snyder et al 1969 (see Figure 1.7). They performed the Monte Carlo simulation 
using three type of tissue densities – skeleton tissue, lung tissue and the bulk soft tissue. This 
mathematical phantom was developed representing the three principal body sections: an 
elliptical cylinder for the arms, torso, and hips; a truncated elliptical cone for both the legs 
and feet; and an elliptical cylinder for the head and neck (See Figure 1.8).  In this phantom, 
the arms are inside the trunk, the legs are not separated from each other, the testes are inside 
the legs region; and minor appendages (i.e., hands, feet, chin, and nose) are omitted. 
 




                                 
Figure 1. 7: Mathematical adult phantom, 1960's version (Snyder et al., 1969)
 




                    
Figure 1. 8: Anterior view of internal organs of the mathematical adult phantom, 1960’s 
version (Snyder et al., 1969).                 
 
The simple mathematical geometries such as ellipsoids, elliptical cylinders, and cones were 
used to represent the internal organs of this phantom. Since these simple equations can only 
capture the most general description of an internal organ’s position and geometry, the 
representation of internal organs of this this mathematical phantom is very crude. 
In the 1970’s Snyder modified this phantom through separating the legs region into two parts, 
housing the testes in a male genitalia box between the two legs, and rounding the top of the 
head. One should note that the reference man was a 20-to-30 years old Caucasian, 70 kg in 
weight and 174 cm in height.  In 1978, Snyder et al reported an improved version of their 
mathematical phantom which included more than 20 organs and more detailed anatomical 



















































                                      





r = 2 cm 
 




Figure 1. 10: Illustration of age-specific mathematical phantoms developed by ORNL (Program 
History, ORNL Site) 
 
In 1987 Cristy and Eckerman of Oak Ridge National Laboratory (ORNL) developed a series of 
phantoms representing children of different ages, adult male and adult female.  The ORNL 
added analogous phantoms for five pre-adult ages: infant, 1, 5, 10, and 15 years, and one of 
which (the 15-year-old) also served as a model for the adult female. ORNL's age-specific 
mathematical phantoms are illustrated in Figure 1.10. 
New-born    1-year    5-year  10-year  15-year          Adult 
 




Each ORNL phantom consists of the tissues that are lung tissue, skeleton tissue, and the bulk 
soft tissue. The different elemental compositions and densities of these tissues are used to 
perform the Monte Carlo simulation. The three tissues used are composed principally of 
hydrogen, carbon, nitrogen, and oxygen. The density and the elemental composition of body 
tissues in these MIRD reference phantoms are tabulated in the Table 1.4. 
 
Table 1. 4: Elemental composition of body tissues in the MIRD phantom expressed as 
percentage by weight and density of body tissues in [g/cm3]. 
Element Soft tissue Skeleton Lung Breast 
H 10.454 7.337 10.134 11.7 
C 22.663 25.475 10.238 38.04 
N 2.49 3.057 2.866 0 
O 63.525 47.893 75.752 50.26 
F 0 0.025 0 0 
Na 0.112 0.326 0.184 0 
Mg 0.013 0.112 0.007 0 
Si 0.03 0.002 0.006 0 
P 0.134 5.095 0.08 0 
S 0.204 0.173 0.225 0 
Cl 0.133 0.143 0.266 0 
K 0.208 0.153 0.194 0 
Ca 0.024 10.19 0.009 0 
Fe 0.005 0.008 0.037 0 
Zn 0.003 0.005 0.001 0 
Rb 0.001 0.002 0.001 0 
Sr 0 0.003 0 0 
Zr 0.001 0 0 0 
Pb 0 0.001 0 0 
Density 1.04 1.4 0.296 0.955 
 




The organ models of these mathematical phantoms are described using some quadric 
equations; for example, a cylindroid for the torso and two cones for the legs. The equations 
for the head, trunk, and legs are expressed as follows. The parameters for the x and y axes of 































≤ 1, 𝑎𝑛𝑑   𝑧 ˃ 𝐶T + 𝐶H1                                                         (1.8) 
 

















𝑥2 + 𝑦2 ≤ ±𝑥(𝐴T +
𝐴T
𝐶L
′ 𝑧), −𝐶L ≤ 𝑧 ≤  0                                                                                       (1.10)  
 
All equations for boundaries of organs of these ORNL reference phantoms are explicitly 
defined with realistic sizes. The data of organ volumes were derived from the ICRP publication 
23, and these volumes were determined by the organ masses at the various ages. The volume 
of the principal organs of the age-specific ORNL mathematical phantoms are summarized in 
Table 1.5. The height, volume, and weight of the age-specific ORNL mathematical phantoms 
are described in the Table 1.6.  
 
 




Table 1. 5: Organ volume of the ORNL reference phantoms. 
organs New-
born  





Adrenals  5.61 3.39 5.07 6.94 10.1 15.7 
Brain 338 850 1210 1310 1350 1370 
Gall bladder  2.43 5.50 22.5 44.0 56.0 63.7 
Heart       
Kidneys  22.0 60.5 111 166 238 288 
Liver 117 281 562 583 1230 1830 
Lung 171 484 980 1530 2200 3380 
Stomach 16.37 55.7 119.4 209.8 300 402 
Small Intestine  50.9 132 265 447 806 1060 
Upper large intestine 20.85 54.3 108.8 183.6 331.2 435.5 
Lower large intestine 14.37 37.37 75.11 126.7 227.1 297.9 
Kidneys 22 60.5 111 166 238 288 
pancreas 2.69 9.87 22.7 28.9 62.4 90.7 
Spleen 8.76 24.5 46.4 74.4 119 176 
Thymus 10.8 22 28.5 30.2 27.3 20.1 
Unary bladder 14.67 39.11 76.2 120.9 188.5 248.7 
Leg bones 61.4 207 610 1250 2100 2800 
Arm bones 45.3 121 239 404 731 956 
Pelvis 28.9 76 151 258 460 606 
Spine 50 128 245 403 707 920 
Skull 49.8 139 339 434 508 618 
Facial skeleton  6013 22.8 114 161 234 305 
Rib cage 34 87.4 174 295 531 694 
Clavicles 2.62 6.85 13.7 23.2 41.6 54.7 
Scapulae 9.64 25.3 50.4 85.7 154 202 
 




Table 1. 6: The  height, volume, and weight of the age-specific ORNL phantoms   
Age- specific ORNL 
Phantoms 
Height (cm) Volume (cm3) Weight (kg) 
New-born 52 3556.48 3.148 
1 year 77.8 9412.1 9.112 
5 year 111 19073.2 18.12 
10 year 140 31866.2 30.57 
15 year 166 53909 53.95 
Adult male 174 70426 69.88 
 
These age-specific ORNL mathematical phantoms are mainly established using the statistical 
geometries of Caucasians. The International Atomic Energy Agency (IAEA) reported that the 
average organ volume of the people of different regions are markedly less than that of 
Caucasians. The differences in organ mass may exit among the populations from different 
regions because of their diverse dietary habits, lifestyles, and geographical environments. 
Therefore, several region-specific reference phantoms are already developed in various 




The S-value is the radiation dose in the target organ per unit of cumulative radioactivity in the 
source organ, which can be calculated using a computerized anthropomorphic phantom and 
a Monte Carlo simulation. The S-values have a relationship with the body weight of the 
phantoms. Xie et al reported a relationship between the S-values and body weights of various 
ages people for various positron emitting radionuclides (see Figure 1.11). The self-absorbed 
S-values for source organs are contributed from non- penetrating particles (e.g., electrons 
and positrons), whereas cross-absorbed S-values of different source to target organ pairs are 
contributed from penetrating radiation.  
 





Figure 1. 11: S-value vs body weight for various positron emitting radionuclides; a) Self-
absorbed S-value for kidney, and b) cross absorbed S-value for the kidney irradiating the liver 
(Xie et al. 2013) 
 
1.10. Cumulative Radioactivity  
 
The cumulative radioactivity in a source organ is the total number of radioactive decays during 
the time the source organ is radioactive and can be expressed by the following formula:  
 
                 ?̃?𝑗 = ∫ 𝐴(𝑡) 𝑑𝑡
∞
0
.                                                                                                                     (1.11) 
  
Where, ?̃?𝑗  is the cumulative radioactivity in the jth source organ, and A(t) is the present 
radioactivity in the jth source organ.                                                                                                                                                      
 




There are a few conventional methods which have been applied to estimate cumulative 
radioactivities in the source organs of a patient in nuclear medicine. 
 
1.10.1. Tissue dissection method in animal species 
 
Cumulative radioactivities in source organs have been estimated in animal species, such as 
rodents, dogs, rabbits, and non-human primates; these estimates were later extended to 
humans. In many cases, the classical tissue dissection method has been applied with 
extrapolation of animal data to humans. After intravenously injecting animal species with a 
radiopharmaceutical, the animals were euthanized by cervical dislocation at several time 
points, and the major tissues have been harvested, weighed, and the tissue uptake is 
calculated as the percent injected dose per gram of tissue (%ID/g). Then, tissue uptake data 
has been extrapolated to a reference human body phantom using the %kg/gm method to 
estimate the cumulative radioactivity in human source organs. The total cumulative 
radioactivity in human organ can be determined from percentage kilogram dose per gram 
units by 
 
           ?̃? = µ𝐶𝑖 𝑑𝑜𝑠𝑒 ∫
% 𝑘𝑔 𝑑𝑜𝑠𝑒/𝑔𝑚
(70 𝑘𝑔)(100%)
 [𝑜𝑟𝑔𝑎𝑛 𝑤𝑡 𝑖𝑛 𝑔𝑚] 𝑑𝑡
∞
0
                                                      (1.12) 
 
Where, organ weight is representative of standard man. Thus, absorbed dose estimates can 
be ascertained using the total activity or concentration in the equation of MIRD scheme. This 
conventional ex vivo tissue dissection method requires a large number of animals to obtain 
cumulative radioactivities in source organs for dosimetry calculation. Human data predicted 
on the basis of animal species data is also inaccurate. The large metabolic differences with 
regards to the administrated radiopharmaceuticals, interspecies differences in 
pharmacokinetics, and methodological differences are the primary factors for the resulting 
inconsistencies between extrapolation from animal data and real human data in internal 
radiation dosimetry. Moreover, a low amount of radioactivity per kilogram body weight has 
been injected in real humans instead of the large amount of injected radioactivity per 
kilogram body weight in the animal species. These differences and anesthetic protocols 
 





Figure 1. 12: Flowchart of the tissue dissection method in animal species for estimating 
cumulative activity in the human tissue or organ by extrapolating animal data in nuclear 
medicine (Zhou et al. 2017)              
 
between animal species and humans may also result in the mismatch between the 
extrapolation and data from real humans. This conventional method is expensive and time-
consuming, and obtained organ cumulative activity distribution of a patient from animal 
species extrapolation data can be compared roughly to the real human. A Flowchart of the 
tissue dissection method in animal species for estimating cumulative activity in the human 
tissue or organ by extrapolating animal data in nuclear medicine is shown in Figure 1.12.   
                                                                                                                                       
Calculation of the uptake of major tissues  
Cumulative radioactivity estimation by extrapolating the tissue 




Euthanizing the animals by cervical dislocation 
Weighed and harvested the major tissues  
 





Figure 1. 13: Flowchart of the whole-body PET imaging method for estimating cumulative 
activity in the interested source organ in nuclear medicine (Chang Yi et al. 2015).  
 
1.10.2. Whole body PET imaging method 
 
In the last decade, a repeated whole-body PET imaging method was used to estimate the 
cumulative radioactivity in the source organ from internally administrated radioactivity in 
humans and has been widely applied in nuclear medicine. Whole-body PET images have been 
reconstructed with attenuation and scattering corrections. Three-dimensional volumes of 
interest (VOIs) have been manually drawn on multiple slices of PET images, where the organ 
is used to form time activity curves (TAC) for calculating cumulative radioactivity in the source 
organ. 
Volume of interest (VOI) selection 
Time activity curve (TAC) or 
Cumulative radioactivity estimation  
 








Since sophisticated imaging protocols and sufficient data are required to form TACs, a series 
of whole-body PET scans at different times are required to obtain an internal radiation 
dosimetry estimation, which takes much longer than a usual clinical PET study. Moreover, 
repeated whole body PET protocols are difficult to perform routinely and make the patient 
uncomfortable. Therefore, TAC measurement for estimating cumulative radioactivities in a 
patient’s source organs by repeated whole body PET scans is time consuming and expensive. 
A flowchart of the whole-body PET imaging method for estimating cumulative activity in the 
interested source organ in nuclear medicine is shown in Figure 1.13. 
 
1.10.3. Alternative method 
 
As an alternative to these aforementioned conventional methods, Matsumoto et al. has 
proposed a method to estimate internal dosimetry through the external measurements with 
thermoluminescent dosimeters (TLDs).  In this method, a number of TLD are attached to the 
patient' body surface during a PET study to obtain information on body surface doses, as these 
doses are connected to cumulative radioactivities in multiple source organs considering 
gamma ray contributions. The R-matrix (i.e., S-value) is then calculated by a Monte Carlo 
simulation with an MIRD mathematical phantom. Cumulative radioactivities of the source 
organs have been estimated by solving the dose-radioactivity equation from the R-matrix and 
the body surface dose by using the mathematical inverse transform method. Recently Cheng-
Chang Lu et al. have proposed an advanced TLD method to obtain TAC data from fractional 
cumulative radioactivities in a source organ, and they performed validation studies on 
physical phantoms. In this method, serial body surface dose measurements at different time 
periods with several sets of TLDs are placed on the body surface and used to estimate the 
fractional cumulative radioactivities in each organ for each time period using Monte Carlo 
simulation, a patient-specific dosimetry system (SimDOSE), and the Jacobi linear inverse 
method. In their validation study, body surface doses have been measured three times at 
three time periods by using three sets of TLDs. This study is impractical and time consuming. 
Because TLD measurements can usually be obtained during a one-hour clinical PET study, 
 




cumulative radioactivities have only been estimated for that time period. The contribution of 
residual cumulative radioactivities for an infinite time period have been extrapolated by 
assuming that biological excretion and uptake is negligible, and only physical decay dominates. 
This TLD measurement dose data based on a single time point is not sufficient for estimating 




Absorbed dose and equivalent dose quantities can be used to assess short-term risk to tissues. 
Generally, there will be no short-term effects from the radiation exposure of properly 
performed radiological examinations. Stochastic effects often show up years after exposure, 
and effective dose allows for simple comparisons of long-term risks of a patient. Hence, the 
most important dose quantity is effective dose. The effective dose is the best single 
parameter for quantifying the total amount of radiation which receives a patient during any 
medical examination. The effective dose metric permits a direct comparison of all types of 
medical examination that use ionizing radiation, including radiography, fluoroscopy, CT, PET, 
SPECT, and other modalities in nuclear medicine.  
 
Internal radiation dosimetry plays an important role in ensuring the safe use of positron 
emission tomography (PET) technology and is a legal requirement in most countries. 
Therefore, important thing is quantitatively evaluating the radiation exposure for each 
patient during PET study and let one know how safe the PET technology. So far, no 
personalized internal radiation dose has been routinely evaluated in diagnostic nuclear 
medicine due to the limitations of the conventional methods, time consuming, patient 
uncomfortable, and personalized human model and its organs shape are not available. 
Therefore, we propose a new technique to estimate the personalized internal radiation 
dosimetry in nuclear medicine by means of multiple D-shuttle dosimeters attached on the 








1.12. Structure of Thesis  
 
Chapter 1 introduces the radiation effects for the patient irradiated by medical examinations, 
the basics of PET imaging procedure, the existing methodologies for estimating internal 
radiation dosimetry and the limitation of these methodologies. The motivation and structure 
of the thesis are also explained in this chapter.  
 
Chapter 2 describes our proposed method named D-shuttle dosimeter technique for 
estimating personalized internal radiation dose for nuclear medicine.  
 
Chapter 3 demonstrates the validation of our proposed technique by estimating the 
radioactivities in the torso cavity and six spheres embedded in NEMA body phantom. The 
MLEM algorithmic response associated with the initial guess and the number of iterations are 
also investigated by estimating the cumulative radioactivities in the torso cavity and six 
spheres through D-shuttle dosimeter technique.  
 
Chapter 4 describes the comparison between the internal dosimetry estimates (i.e., 
cumulative radioactivity, absorbed dose and effective dose) obtained from whole body 
dynamic PET imaging technique and D-shuttle dosimeter technique.  
 
Chapter 5 describes the error associated with the D-shuttle dosimeter positioning on the 
NEMA body phantom. 
 
Chapter 6 explains the reconstruction of Japanese reference phantom in PHITS Monte Carlo 
simulation.  
 
Chapter 7 illustrates the clinical application of D-shuttle dosimeter technique in PET study 
through estimating the personalized internal radiation doses for 15O water PET radiotracer.  
 
 




Chapter 8 describes the overall conclusions and future directions of project. Relevant 
conferences attended and journal papers published during the course of PhD are listed the 
end of this chapter.  
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An internal radiation dosimetric study is necessary to ensure the safe use of PET technology 
and to protect the patient when exposed to ionizing radiation. In this regards, Medical 
Internal Radiation Dose (MIRD), International Commission on Radiological Protection (ICRP), 
International Atomic Energy Agency (IAEA) and European Association of Nuclear Medicine 
(EANM) all have devised several policy statements such as guidelines, methodologies, models, 
safety reports, improved dose regimes, dedicated low dose whole body PET protocols etc. Yet, 
internal radiation doses delivered to the patients from PET imaging examinations are still a 
matter of concern. Conventionally, the radiation dose is not personalized that means no 
consideration of personal information such as age, height, and weight. Therefore, we 
proposed the D-shuttle dosimeter technique as a convenient approach for estimating 
personalized radiation dosimetry in nuclear medicine.    
 
2.2. D-shuttle Dosimeter  
 
2.2.1. History of D-shuttle dosimeter  
 
The Fukushima Daiichi nuclear power plant accident in 2011, which was caused by the great 
east Japan earthquake and tsunami, released a significant amount of radioactive substance, 
contaminating Fukushima and surrounding prefectures. It was essential to bring out the 
extent of this fallout and to evaluate its impact on environment, foodstuffs, and on the 
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residents in the affected areas. Therefore, the Japanese Government assigned the task of 
individual dose measurement to municipalities, and many projects have been engaged with 
the measurement of the actual individual dose of the affected population. D-shuttle project 
is one of these initiatives. There are many studies reported the personal dose assessment of 
residents in the area affected by the Fukushima Daiichi nuclear power plant accident using 
various type of dosimeters. Such individual dose monitoring of a resident using the passive 
dosimeters report a cumulative dose over a period of time, typically three months, and it is 
not possible to tell when and where the major contribution to the cumulative dose was 
received to the participant. For that reason, a simple, reliable, durable, low-priced, and user 
friendly personal gamma ray dosimeter was required. The requirements were met by the ‘D-
shuttle dosimeter’ which was developed by the National Institute of Advanced Industrial 
Science and Technology (AIST) and commercialized by Chiyoda Technol Corporation, Japan. It 
is an active (solid-state) personal dosimeter, which can record the integrated dose for each 
hour (hourly dose). D-shuttle dosimeter had been used successfully in some studies. For 
example, Hayano et al demonstrated the effectiveness of using D-shuttles to communicate 
the exposure situation to residents, Naito et al. used D-shuttles together with global-
positioning system (GPS) receivers to compare individual versus ambient dose equivalent 
rates, and N Adachi et al. measured individual external doses of high school students living in 
Japan, France, Poland and Belarus using D-shuttle and then compared the measured external 
individual doses across the regions to motivate the high-school students living in Fukushima 
who wished to compare their own individual doses with those of people living in other parts 
of Japan, and also in other countries.  
 
2.2.2. Dosimeter and its accessories  
 
D-Shuttle is a user-friendly personal gamma-ray dosimeter (Figure 2.1). Dose recorded by D-
shuttle dosimeter can be displayed via a compatible pocket reader. After inserting the 
dosimeter into the pocket reader, two values of personal dose equivalent at the depth of 10 
mm, Hp(10) that are the dose accumulated during the last day and the total dose accumulated 
during the whole period from resetting of the dosimeter, can be displayed easily (Figure 2.2). 
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Figure 2. 1: D-shuttle dosimeters which are capable to record every two-minute dose data in 
the internal memory and can be later read out by a computer interface (Islam et al. 2018). 
 
               
Figure 2. 2: D-shuttle dosimeter with its pocket reader (Chiyoda Technol Corporation Site)
  
The dose reading can be easily done anytime by the person wearing the dosimeter, and it is 
recommended to wear the dosimeter on the chest. There is also an Effective workstation to 
read out the integrated dose data for calculation and to display the dose graphically in a 
chosen time period for easy comprehension. This system includes D-shuttle dosimeter, a table
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Figure 2. 3: Effective workstation to read out the integrated dose data for calculation and to 
display the dose graphically for easy comprehension. 
 
reader connectable via USB cable to a PC, and a complementary software application, Which  
enables dose reconstruction in time and resetting the collected data to zero values (Figure 
2.3). Since the battery life is one year, the continuous operation of the system is at least 1 
year without changing the battery. One should note that the battery exchange cannot be 
done by the user but only by the manufacturer.         
 
2.2.3. Features of D-shuttle dosimeter 
 
D-shuttle is a Si-diode based semiconductor dosimeter which has been used for purposes of 
continuous long-term personal dose monitoring of residents in the area affected by the 
Fukushima Daiichi nuclear power plant accident. It is capable of logging the integrated dose 
every hour in an internal memory with time stamps.  Various D-shuttle dosimeter features 
described by the manufacturer are listed below: 
• Light-weight and compact dosimeter, and easy to carry for gamma ray detection. 
• Dose level can be easily checked by user
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• Dose measurements can have displayed on a computer. 
•  A dedicated workstation displays the dose graphically on the computer interface 
for easy analysis, showing times when the user received high doses.  
 
2.2.4. Specifications of D-shuttle dosimeter  
 
D-shuttle dosimeter specifications described by the manufacturer are listed in Table 2.1.                                                                                                            
Table 2. 1: Specifications of D-shuttle Dosimeter 
Parameters  Features 
Scope of radiation Gamma ray 
Calibration  137Cs gamma ray 
Detector Semiconductor  
Erroneous detection Equipped with erroneous detection prevent function 
Prevent function  Using shock sensor  
Dimension  68 mm x 32 mm x 14 mm 
Weight  23 gm 
Silicon sensor 2.7 mm x 2.7 mm 
Energy range  60 keV to 1.25 MeV 
Measuring range  0.1 μSv to 99.99 mSv 
Time course dose  Hourly (default), Every two minutes (custom)   
Angular response  ±10% in the range ±60° 
Operational temperature   -20 °C - +40 °C at least    
Dose rate linearity  ≤±10% (2 μSv/h or higher) (In the range of 2 μSv/h to 3 μSv/h 
with 137Cs-γ 
Alarm  LED blinking in high dose environment  
Power supply Coin type lithium battery (CR3450) 
Battery life  One year 
Data transfer Reader or computer interface 
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Figure 2. 4: Concept of the proposed technique. The body surface dose at the D-shuttle 
dosimeter position is connected to gamma decay in each source organ and R-values from the 
source organ to the D-shuttle dosimeter position (Islam et al. 2018). 
 
2.3. D-shuttle Dosimeter Technique 
 
Replacing the term target organ by the D-shuttle dosimeter position, we proposed a similar                                                                                                                                          
technique as MIRD (see chapter 1) for estimating cumulative radioactivities in a patient’s 
source organs (Fig. 2.4). The body surface dose at the D-shuttle dosimeter position can be 
facilitated by the sum of contributions from each source organ and is expressed by 
  
                              𝑑𝑖(𝑡) = 𝑅𝑖,1. 𝐴1(𝑡) + 𝑅𝑖,2. 𝐴2(𝑡) + 𝑅𝑖,3. 𝐴3(𝑡)                                                        (2.1)
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                             𝑑𝑖(𝑡) = ∑ 𝑅𝑖,𝑗. 𝐴𝑗(𝑡)𝑗 ,                                                                                                                    (2.2)           
 
where di(t) is the body surface dose at the ith D-shuttle dosimeter position at time t, 𝐴𝑗(𝑡) is   
the radioactivity at time t in the jth source organ, and Ri,j is radiation dose at the ith D-shuttle 
dosimeter position per unit cumulative radioactivity in the jth source organ. This equation can 
also be expressed by the following matrix equation: 
 






𝑅1,1 𝑅1,2   ⋯ 𝑅1,𝑗
𝑅2,1 𝑅2,2   ⋯ 𝑅2,𝑗
⋮      ⋮     ⋱     ⋮






]                                                                                 (2.3) 
  
The body surface doses at time t at the ith D-shuttle dosimeter position di(t) can be obtained 
from the D-shuttle dosimeter attachment on the patient body surface, and Ri,j can be 
calculated by a Monte Carlo simulation. The R-value can be determined based on the photon 
energy fluence and the mass energy absorption coefficient as expressed by the following 
formula: 
 
                               𝑅 = 𝛴𝜓(𝐸)(
μen(E)
𝜌
)                                                                                                                    (2.4)    
 
𝜓(𝐸) is the photon fluence as a function of energy per unit cumulative radioactivity in the 
source organ, and μenρ−1 is the mass energy absorption coefficient. The mass energy 
absorption coefficient can be taken from the International Commission on Radiation Units 
and Measurements (ICRU) Report 44 (1989), and the photon fluence can be obtained from a 
Monte Carlo simulation. 
 
Radioactivity A(t) at time t in a source organ can be estimated from Ri,j values and D-shuttle 
dosimeter measurements to solve Eq. (2.1) iteratively using the maximum-likelihood 
expectation-maximization (MLEM) algorithm. The MLEM algorithm can be expressed by the 
following equation.   
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Figure 2. 5: Flowchart of the proposed technique for estimating internal radiation dose in PET 
studies (Islam et al. 2018).        
 











                                          (2.5) 
 
Analyzing equation (2.5), the MLEM algorithm can be described in three steps:                                                                                                              
(a) Start with an initial estimation of 𝐴𝑗(𝑡)
(0) , where 𝐴𝑗(𝑡)
(0)˃0 for j = 1, 2, 3… 
(b) If 𝐴𝑗(𝑡)
(𝑛) denotes the estimate of 𝐴𝑗(𝑡) at the n
th iteration, calculate a new𝐴𝑗(𝑡)
(𝑛+1) 
using Eq. (2.5). 
(c) If the resulting estimation offers an acceptable result then stop. Otherwise, return to (b).  
A flowchart of our proposed D-shuttle dosimeter technique for estimating personalized 
internal radiation dose in nuclear medicine is shown in Figure 2.5.        
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2.4. Particle and Heavy Ion Transport Code System (PHITS) 
 
Monte Carlo particle transport simulation codes are an indispensable tool which have been 
used in various fields of research such as radiation shielding, radiological protection, and 
medical physics.  Therefore, Particle and Heavy Ion Transport Code System (PHITS) was 
developed under collaboration between the Japan Atomic Energy Agency (JAEA), the 
Research Organization for Information and Technology (RIST), the High Energy Accelerator 
Research Organization (KEK), and several other institutes in Japan. PHITS is a general-purpose 
Monte Carlo particle transport code written in Fortran, and the recommended compiler is 
Intel Fortran 11.1 (or, later versions). PHITS can deal with the transport of all particles 
(nucleons, nuclei, mesons, photons, and electrons) over wide energy ranges.  
 
PHITS can be executed on the Windows, Mac, and Linux platforms. Distributed and shared 
memory parallelization techniques are available using Message Passing Interface (MPI) 
protocols and open multiprocessing (OpenMP) directives, respectively. Hybrid parallelization 
using both MPI and OpenMP is feasible as well. It should be noted that PHITS has already 
been used for various medical applications, such as patient dose estimation for radiotherapy 
and computed tomography examination. 
 
2.5. Expecting Results and Discussions  
 
Conventionally, the radiation dose is not personalized, which means informed radiation dose 
to a patient is actually estimated by a rodent data and no consideration of personal 
information such as age, height, and weight.  By means of the developing technique, I expect 
to estimate internal radiation dose for each patient, which is helpful for a patient to 
understand benefit and risk of a medical examination. And I also expect by the developed 
technique, the speed of a new drug production will be accelerated because we don’t have to 








A validation study of D-shuttle dosimeter technique 
using NEMA body Phantom 
 
3.1. Purpose of the Validation Study 
 
We validated our proposed D-shuttle dosimeter technique in PET study using a National 
Electrical Manufacturers Association (NEMA) body phantom with 18F-FDG radiotracer. To 
validate the D-shuttle dosimeter technique, we estimated radioactivities in fillable 
compartments (the torso cavity and six spheres) embedded in the NEMA body phantom. 
 
3.2. Materials and Methods 
 
3.2.1. A NEMA body phantom 
 
The NEMA body phantom was the ‘image quality phantom’ described in International 
Electrotechnical Commission (IEC) standard 61675-1 (Figure 3.1). This phantom consists of a 
body phantom, a lung insert, and six spherical inserts with inner diameters of 10, 13, 17, 22, 
28, and 37 mm, with 1 mm wall thickness. The lung insert consists of a cylinder mounted in 
the centre of torso. To simulate lung density, the cylinder is filled with low density material 
named polystyrene deeds. The external diameter, internal diameter and the external length 
of the lung insert are 51, 44.5, and 203 mm, respectively. The NEMA body phantom wall 
thicknesses for lateral (torso), superior, bottom and top lid are 3, 10, 11, and 20 mm, 
respectively. The phantom material is polymethylmethacrylate (PMMA) and the spheres are 
alternatively made from glass. The interior length of the phantom is 194mm. The schematic 
diagrams of the NEMA body phantom are shown in Figure 3.2 and 3.3. 
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Figure 3. 1: NEMA body phantom (Data Spectrum 2007) 
         
Figure 3. 2: Cross-section of the NEMA body phantom; all dimensions are in millimetres 
(NEMA Stand Publ; 2001; NU 2).
 






Figure 3. 3: Phantom insert with hollow spheres; all dimensions are in millimetres and all 
diameters are inside the diameters (NEMA Stand Publ; 2001; NU 2).  
 





Figure 3. 4: Experimental setup and 11 D-shuttle dosimeter (D) positions in Cartesian 
coordinates on the surface of a NEMA body phantom for obtaining body surface doses; (a) 
front side of the phantom and (b) back side of the phantom 
 
 
In these figures, all dimensions are in millimetres. The wall thickness is equal to 1 mm, and 
the centres of the spheres are 70 ± 10 mm from the inside surface of the mounting plate so 
they are axially all in the same transverse slice. All diameters given are inside diameters in 
the figure 3.3.                                                                                                                                                                        
 
3.2.2. Experimental set up 
 
The fillable compartments (torso cavity and six spheres) of the NEMA body phantom were 
filled with 18F-FDG mixed with pure water using an 800:1 sphere-to-background radioactivity 
concentration ratio. Radioactivity concentrations present in the torso cavity and six spheres 
were 0.00165 MBq/mL and 1.32 MBq/mL, respectively. The lung insert was not used in this 
experiment. Eleven D-shuttle dosimeters were attached to the NEMA body phantom surface 
to obtain information on body surface doses (see Fig. 3.4).          
 




Another D-shuttle dosimeter was placed inside the experiment room but away from the 
NEMA body phantom to obtain a natural background radiation measurement. One should 
note that the manufacturer has customized the D-shuttle dosimeter for obtaining sufficient 
dose data in two-minute intervals. 
 
The inner volume of the torso cavity and each sphere was measured using their weights (filled 
with water) and wall thicknesses, and the radioactivity concentration of the 18F-FDG PET 
radiotracer was measured with a dose calibrator (CRC®‐55t Well counter, Capintec, Inc., 
Pittsburgh, PA, USA). The initial radioactivity of the torso cavity and each sphere (treated as 
source organs) was calculated from the radioactivity concentration and measured inner 
volumes. Radioactivity was measured for each fillable compartment (torso cavity and six 
spheres) over the course of 110 min in 2 min intervals from their initial radioactivity. 
 
3.2.3. Mathematical NEMA body phantom 
 
A mathematical NEMA body phantom has been modeled using PHITS (Heavy Ion Transport 
Code System) Monte Carlo simulation code. The fillable compartments of mathematical 
NEMA body phantom are described using some quadric equations. Torso cavity, torso wall, 
Superior and bottom can be expressed by the following equations. Those organs are the 




































≤ 1,   1.2 ≤ z ≤ 20.6, 𝑦1 ≥ 0, 𝑥2 ≤ −7                                                         (3.3)
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≥ 1,   
1.2 ≤ z ≤ 20.6, 𝑦1 ≥ 0, y ≤ 7.7, 𝑥3 ≥ 0, and 𝑥1 ≤ 7                                                                   (3.10) 
 
 
                                                                                                                                                                     
 


























































































































                                                                                                                                                                    
 




Sphere and sphere’s wall can be expressed by the following equations. 
 
Sphere     
  
      (𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)
2 + (𝑧 − 𝑧0)
2 ≤ 𝑟2,                                                                           (3.21) 
 
Sphere wall    
 
      (𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)
2 + (𝑧 − 𝑧0)
2 ≤ 𝑅2,                                                                             (2.22)      
      (𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)
2 + (𝑧 − 𝑧0)
2 ≥ (𝑅 − 𝑟0)
2,                                                                    (3.23) 
The centre of the six spheres in Cartesian coordinates is (x0, y0, z0), r and R are the radii of the 
sphere’s cavity and sphere respectively. r0 is the thickness of the sphere’s wall.          
                                                                                                                                  
Table 3. 1: Phantom data for spheres 
Spheres  x0 (cm) y0 (cm) z0 (cm) r (cm) R(cm) r0 (cm) 
Sphere(d=3.7cm) -5.72 -3.5 13.5 1.85 1.95 0.1 
Sphere(d=2.8cm) -2.86 -8.45 13.5 1.4 1.5 0.1 
Sphere(d=2.2cm) 2.86 -8.45 13.5 1.1 1.2 0.1 
Sphere(d=1.7cm) 5.72 -3.5 13.5 0.85 0.95 0.1 
Sphere(d=1.3cm) 2.86 1.45 13.5 0.65 0.75 0.1 
Sphere(d=1.0cm) -2.86 1.45 13.5 0.5 0.6 0.1 
 
                                                                                                                                                                      
 




According to the above-mentioned equations we made the input files to construct the 
mathematical NEMA body phantom in PHITS Monte Carlo simulation. We used a surface 
section in the PHITS input file for defining the body and internal compartments of the NEMA 
body phantom (see Appendix-1).  
A material section and a material name color section in PHITS input file were used for defining 
the composite material, the color definition for graphical plots, respectively (see Appendix-2). 
The densities of water, Polymethylmethacrylate (PMMA), and glass are also defined in the 
cell section in PHITS input file. We used two section in input files to check the three 
dimensional [3D show] and two dimensional [G-show] geometry visualization of NEMA body 
phantom through the graphical plots in PHITS (see Appendix-3). 
 
3.2.4. R-value calculation 
 
D-shuttle dosimeter positions in Cartesian coordinates on the body surface of the 
mathematical NEMA body phantom in PHITS were determined according to the original 
positions of the D-shuttle dosimeters on the body surface of the NEMA body phantom during 
the phantom study. We performed a Monte Carlo simulation using 511 keV primary energy, 
60–700 keV energy range, 100 energy bins, and 107 history number. PHITS simulation yields 
the photon energy fluence at each D-shuttle dosimeter position for each source organ. We 
used seven input files for obtaining the photon fluence at every D-shuttle position by 
performing PHITS simulation. A total seven source sections for defining the torso cavity and 
six spheres of NEMA body phantom as radioactive source organ were used in PHITS input files 
(Appendix-4). To obtain the photon fluence at eleven D-shuttle dosimeter positions, we used 
T-point section in PHITS input file (Appendix-5). After performing the PHITS Monte Carlo 
simulation, we obtained the photon energy fluence at 11 D-shuttle dosimeter positions for 
the torso cavity and six spheres of NEMA body phantom. We also employed the mass energy 
absorption coefficient from the International Commission on Radiation Units and 
Measurements (ICRU). One should note that the energy range in each bin was not same 
between ICRU and our input files. 
                                                                                                                                                                      
 




For obtaining the energy range in each bin for our input files according to ICRU report, we 
used a Python script. We calculated R-values at every D-shuttle dosimeter position for each 
source organ from the obtained photon energy fluence using Eq. 2.4. 
 
3.2.5. Radioactivity estimation 
 
The radioactivity A(t) at each 2 min interval in each source organ was estimated using the 
MLEM algorithm based on body surface doses as measured by D-shuttle dosimeters over a 
110-min total dose time and the R-values obtained by PHITS simulation. A Python script was 
used to solve Eq. (2.5) iteratively. An initial guess of 1015 Bq and a total of 50 iterations were 
used in the MLEM algorithm for estimating the radioactivity in each source organ. 
 
3.2.6. MLEM algorithmic response 
 
We also investigated the effect of the MLEM algorithmic response associated with initial 
guess and the number of iterations to validate our proposed technique. Hence, the actual 
cumulative radioactivity in each source organ over a 110-min dose measurement was 
calculated from the initial radioactivity of each source organ. The cumulative radioactivity 
from each source organ was estimated over 110 min from the radioactivity values obtained 
through our proposed technique. 
 
3.3. Results      
 
3.3.1. Volumes of compartments of the NEMA body phantom 
 
The volumes of the NEMA body phantom’s compartments are tabulated in Table 3.2. The 
measured volume of the compartments is very close to the manufactured volume.     
                                                                                                                                                      
 




Table 3. 2: Volumes (in ml) of the NEMA body phantom's compartments 
Compartment Manufactured volume Measured volume 
10 mm sphere 0.52 0.528 
13 mm sphere 1.15 1.167 
17 mm sphere 2.57 2.468 
22 mm sphere 5.57 5.511 
28 mm sphere 11.49 11.435 
37 mm sphere 26.52 26.300 
Torso cavity 9700 9738 
 
3.3.2. Simulation by PHITS 
 
Computational reconstruction of a NEMA body phantom is presented in Figs. 3.5 and 3.6. 
These figures correspond with the experimental set up in this study (see Fig. 3.4). Figure 3.5 
also depicts the 11 D-shuttle dosimeter (D) positions in Cartesian coordinates on the 
mathematical NEMA body phantom. Figure 3.6(a) depicts the coronal (XZ plane) view at Y = 0 
cm in the mathematical phantom where regions 7–11 represent the bottom, the superior, 
the top lid, the phantom wall, and the torso cavity of the NEMA body phantom, respectively.  
Figure 3.6(b) also depicts the lateral (XY plane) view at Z = 13.5 cm in the mathematical 
phantom, where regions 1–6 represent the six spheres with 37, 28, 22, 17, 13, and 10 mm 
inner diameters, respectively. The color schemes in Fig. 3.6 depict the experimental 
configuration in PHITS, where red, yellow, and blue colors represent the radioactive sources, 
background, and polymethylmethacrylate (PMMA) phantom material, respectively. Figure 
3.7 demonstrates the photon track on XZ plane in PHITS for the torso cavity and six spheres 
of the NEMA body phantom. The color schemes Fig. 3.7 depict the intensity level of photon 
flux in the regions of the NEMA body phantom. 
 






Figure 3. 5: Simulated mathematical NEMA body phantom with 11 D-shuttle dosimeter (D) 
positions in Cartesian coordinates; (a) front side of the phantom and (b) back side of the 
phantom. 
 
   
Figure 3. 6: (a) Coronal view at Y = 0 cm and (b) lateral view at Z = 13.5 cm of the mathematical 
NEMA body phantom in PHITS; there are six spheres, with inner diameters of (1) 37 mm, (2) 
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                a) Photon track for 10 mm sphere 
                                                         
    b) Photon track for 13 mm sphere
 




                  
      c) Photon track for 17 mm sphere 
                       
   d) Photon track for 22 mm sphere
 




                    
    e) Photon track for 28 mm sphere 
                            
    f) Photon track for 37 mm sphere
 




                              
      g) Photon track for the torso cavity 
Figure 3. 7:  Photon track on XZ plane in PHITS for; a) 10 mm sphere, b) 13 mm sphere, c) 17 
mm sphere, d) 22 mm sphere, e) 28 mm sphere, f) 37 mm sphere, and g) torso cavity in 
mathematical NEMA body phantom. 
 
Figure 3.8 shows the energy spectrum for all seven source organs in this study. Since the 
threshold energy of D-shuttle dosimeter and primary photon energy were 60keV and 511keV, 
respectively, the PHITS simulation provided the response in a range of energy 0.06 to 5.1 MeV 
although we used 100 energy bins in a range of energy 0 to 7 MeV in the PHITS input file to 
compute R-value at each D-shuttle dosimeters positions for all seven source organs (see 
Figure 3.8).                                                                                                                                                                     
 





    a) Energy spectrum of 10 mm sphere  
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    c) Energy spectrum of 17 mm sphere 
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   e) Energy spectrum of 28 mm sphere 
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    g) Energy spectrum of the torso cavity 
Figure 3. 8: Energy spectrum of a) 10 mm sphere, b) 13 mm sphere, c) 17 mm sphere, d) 22 
mm sphere, e) 28 mm sphere, f) 37 mm sphere, and g) the torso cavity obtained by the 
Monte Carlo PHITS simulation.  
 
After performing the PHITS simulation, R-values in mGy/MBq.s at 11 D-shuttle dosimeter 
positions have been calculated from the photon energy fluence and mass energy absorption 
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Table 3. 3: R-values (mGy/MBq.s) at 11 D-shuttle dosimeter positions (D) for each fillable 


















D1 1.7E-06 6.7E-07 5.3E-07 6.5E-07 1.7E-06 4.4E-06 2.3E-06 
D2 9.4E-07 8.0E-07 1.4E-06 4.9E-06 9.3E-06 2.5E-06 2.5E-06 
D3 8.9E-07 9.3E-07 2.2E-06 9.1E-06 5.4E-06 1.5E-06 2.5E-06 
D4 7.0E-07 1.8E-06 4.5E-06 1.8E-06 6.6E-07 4.7E-07 2.6E-06 
D5 8.6E-07 4.2E-07 3.7E-07 4.2E-07 8.3E-07 1.4E-06 1.9E-06 
D6 4.9E-07 4.6E-07 9.0E-07 1.4E-06 1.5E-06 8.0E-07 1.8E-06 
D7 4.3E-07 8.4E-07 1.4E-06 8.1E-07 4.1E-07 3.2E-07 1.9E-06 
D8 1.3E-06 6.7E-07 6.5E-07 1.2E-06 4.3E-06 4.4E-06 2.3E-06 
D9 7.1E-07 1.1E-06 3.4E-06 7.1E-06 2.1E-06 8.4E-07 2.3E-06 
D10 7.7E-06 4.2E-06 1.3E-06 7.4E-07 8.6E-07 2.0E-06 2.6E-06 
D11 8.2E-06 4.6E-06 1.3E-06 8.0E-07 8.8E-07 2.1E-06 2.7E-06 
 
3.3.3. Estimated radioactivities  
 
The actual initial radioactivities of the source organs were 34.7 MBq (37 mm sphere), 15.1 
MBq (28 mm sphere), 7.27 MBq (22 mm sphere), 3.26 MBq (17 mm sphere), 1.54 MBq (13 
mm sphere), 0.697 MBq (10 mm sphere), and 15.9 MBq (torso cavity). Radioactivity was 
calculated from the actual initial radioactivity in each source organ at each 2min interval (see 
Fig. 3.9). 
 




   
Figure 3. 9: Correlation between actual radioactivity and estimated radioactivity over 110 min 
of dose measurements (n = 55) in the source organs. 
 
 
The estimated initial radioactivity (mean with standard deviation, n = 55) with the present 
technique in each source organ is tabulated in Table 3.4. The lowest and the highest % CV 
values (1.21% and 36.2%) were obtained from the 28 mm sphere and 10 mm sphere, 
respectively. As shown in Fig. 3.9, the regression line was y = 0.944x + 0.468, and significant 
correlation (R2 = 0.992) was found between the actual radioactivity and the estimated 
radioactivity at each 2-min measurement interval.                                                                                                                                                         
 




Table 3. 4: Actual initial radioactivity and estimated initial radioactivity of each fillable 
compartment (mean with standard deviation, n=55) of the NEMA body phantom [MBq]. 
 
3.3.4. MLEM algorithmic performance 
 
The actual and estimated cumulative radioactivities in each source organ were 21.1 MBq.h 
(torso cavity), 45.9 MBq.h (37 mm sphere), 20.0 MBq.h (28 mm sphere), 9.61 MBq.h (22 mm 
sphere), 4.31 MBq.h (17 mm sphere), 2.04 MBq.h (13 mm sphere), 0.921 MBq.h (10 mm 
sphere), and 22.4 MBq.h (torso cavity), 44.2 MBq.h (37 mm sphere), 21.1 MBq.h (28 mm 
sphere), 9.51 MBq.h (22 mm sphere), 5.57 MBq.h (17 mm sphere), 2.00 MBq.h (13 mm 
sphere), 1.17 MBq.h (10 mm sphere), respectively. The number of iterations and its effect on 
the estimated cumulative radioactivity in each source organ are shown in Fig. 3.10. At first, 
the MLEM output increased with the number of iterations. After a certain iteration 
(approximately 25), the MLEM results showed a consistent cumulative radioactivity 








variation (CV) [%] 
37 mm sphere 34.7 33.0 ± 0.624 1.89 
28 mm sphere 15.1 15.7 ± 0.189 1.21 
22 mm sphere 7.27 7.11 ± 0.738 10.4 
17 mm sphere 3.26 4.17 ± 0.083 1.99 
13 mm sphere 1.54 1.48 ± 0.469 31.7 
10 mm sphere 0.697 0.865 ± 0.313 36.2 
Torso cavity  15.9 16.5 ± 0.311 1.88 
Average    11.2 11.3 12.2 
 





Figure 3. 10: Number of iterations vs the cumulative radioactivity in each source organ. 
 
 



























































The value of different initial guess and its effect on the estimated cumulative radioactivity in 
each source organ are shown in Fig. 3.11. At first, the MLEM output showed inconsistent 
results of cumulative radioactivities. After a certain value of initial guess (1x106 Bq), the MLEM 





We proposed a new technique for estimating the internal radiation dosimetry in PET studies 
using multiple D-shuttle dosimeters attached on the patient body surface, and we performed 
a phantom study to validate our new technique by estimating the radioactivities while the 
fillable compartments were placed in a NEMA body phantom. Although we found some errors 
in the estimated radioactivity, as high as 28% in the 17 mm sphere and 24% in the 10 mm 
sphere, the phantom study overall showed a good correlation (R2 = 0.992) between the 
estimated and actual radioactivity, as shown in Fig. 3.9. The average estimated and actual 
radioactivities were well-matched in this study (see Table 3.4). Therefore, the effective dose 
can be reasonably estimated using our method if we consider the common tissue weighting 
factor for all seven source organs. 
 
Čemusová et al. reported that the Hp (10) measurements showed linear behavior regarding 
the dose response with the actual dose in the range of 0.12 to 121 mSv and dose rate linearity 
up to 1 mSv/h (our study was within these ranges). Their study also showed the angular 
variability in D-shuttle dosimeter. In this study, we omit the angular variability in the D-shuttle 
dosimeter in the Monte Carlo simulation, assuming a point detector in the center of the D-
shuttle dosimeter. Further improvement may be achieved if we include the geometry of the 
D-shuttle dosimeter in the Monte Carlo simulation. Moreover, the error associated with 
Monte Carlo simulation is a function of the number of histories and will be propagated to the 
estimated cumulative radioactivity. By increasing the number of histories in the Monte Carlo 
simulation, these errors can be reduced, although it requires more computing resources. 
 




H M Deloar et al. have estimated cumulative radioactivities in source organs and internal 
radiation doses in target organs by the TLD method and conventional whole-body PET imaging, 
and the obtained results from both methods have been compared to validate the TLD method. 
The obtained TLD results agree with the PET results, except in the pancreas and the heart. In 
their study, TLD only gives the total dose over a period of time during the experiment; thus, 
they calculated the TLD dose for an infinite time period using the equation below. The 
following equation assumes that biological excretion and uptake is negligible, and only 









𝑇𝑘(𝑡0)                                                                                          (3.24) 
 
𝑇𝑘(∞) is the body surface dose for infinite time at the k’th TLD position, and 𝑇𝑘(𝑡0) is the 
body surface dose at the k’th TLD position during the measuring time period t0. Since the D-
shuttle dosimeter gives a TAC, we are able to estimate the cumulative radioactivity in a source 
organ more precisely. The residual cumulative radioactivity in a source organ can be 
estimated by extrapolating the measured dose data of the D-shuttle dosimeters during clinical 
PET study by utilizing a compartment model or using exponential fitting of the TAC. Moreover, 
their study reported that the obtained cumulative radioactivity in the heart using the TLD 
method was 2.64 times higher than the results obtained from conventional PET imaging. This 
large inconsistency was due to a TLD dose response from the heart due to highly concentrated 
blood radioactivity just after the FDG injection. This radioactivity signal from blood could not 
be measured using the whole-body PET because of the delayed scanning time. Since a D-
shuttle dosimeter gives us measurements in 2 min intervals during the entire experiment, it 
is possible to detect the early phase of injected radioactivity that could not be measured in a 
PETstudy due to the delayed scanning time. Their study also reported that the obtained 
cumulative radioactivity in the pancreas from the TLD method was 1.83 times higher than the 
result obtained from the conventional PET imaging method. The authors concluded the 
reasons for this extensive inconsistency were (a) actual individual organ sizes had partially 
deviated from the MIRD organ sizes with a factor related to individual total weight, and (b) 
the TLD positions used for the measurement of the individual body surface doses during the
 




PET study and their positions used for the R-matrix calculation were different. Actually, the 
MIRD reference phantoms are mainly established using statistics on Caucasians. However, 
human geometries considering height, weight, organ shape, and volume varies between 
ethnicities because of diverse dietary habits, lifestyles, and geographic environments. In our 
phantom study, the mathematical NEMA body phantom was modeled in Monte Carlo PHITS 
simulation using the geometry described in IEC standard 61675-1 and the data spectrum’s 
NEMA IEC body phantom manual. Therefore, there was no geometric inconsistency between 
the experimental setup and simulated results by PHITS, and D-shuttle dosimeter positions on 
the surface of a physical NEMA body phantom and their positions on the surface of a 
mathematical NEMA body phantom used for R-value calculation were the same (see Figs. 3.4, 
3.5, and 3.6). Hence, we obtained good results in all variants. But the R-value calculation using 
Formula 2.3 based on the MIRD reference phantom may produce bias in estimated internal 
dosimetry due to the mismatch of D-shuttle dosimeter positions and organ geometries if we 
apply our technique in a real patient. Therefore, a personalized phantom is ideal for 
estimating realistic internal dosimetry for R-value calculations from the Monte Carlo 
simulation. Anatomical data can be obtained by performing computed tomography (CT) or 
magnetic resonance imaging (MRI) measurements, and a voxel phantom based on digital 
images recorded from CT or MRI is then utilized in PHITS (Heavy Ion Transport Code System) 
Monte Carlo simulation. Alternatively, we may choose any one of the following procedures if 
CT or MRI procedures are not available. First procedure: We may redesign the regional 
reference phantom (Japanese, Korean, or Taiwanese reference phantom) by modifying the 
equations of the outer body and the internal organs. The outer body dimensions can be 
obtained by scaling the measurements of the patient’s body. Based on the outer dimensions 
of the patient’s body, we may reconstruct the internal structure of the phantom using the 
same volumes of the internal organs of the regional phantom. Second procedure: As 
WAZAARI does, we may prepare several voxel phantoms that vary with age, weight, and 
height. H M Deloar et al. utilized a common mathematical phantom to compute R-values at 
each TLD position for all six normal volunteers (age 22–56 yr) in their study. They found that 
the highest and lowest inter subject variation in the absorbed dose estimate were 86% and 
8.57%, for the bladder wall and nasal cavity wall, respectively. We may obtain less variable
 




results for the internal radiation doses of a patient in the clinical PET study by modeling the 
phantom in the Monte Carlo simulation using any of the above-mentioned procedures.  
 
The number of D-shuttle dosimeters must be greater than the number of source organs to 
stably estimate cumulative radioactivity. We placed the D-shuttle dosimeters randomly on 
the surface of the NEMA body phantom and determined the positions of the D-shuttle 
dosimeter carefully against the source organ, as shown in Fig. 3.4. However, the inaccurate 
determination of D-shuttle dosimeter positioning on the patient body surface may lead to 
inaccuracies in internal radiation dosimetry estimation in clinical PET studies. These may be 
addressed using the following ideas. First: We may use an apron or jacket that will be adjusted 
with the patient’s body. The location of the D-shuttle dosimeters will be marked on the apron 
or jacket, and then, D-shuttle dosimeters will be attached to the identified locations on the 
apron or jacket. Second: The three-dimensional positions of D-shuttle dosimeters will be 
determined using an optical tracking system. 
 
Matsumoto et al. have used the mathematical inverse transform method (unfolding code 
SAND-II), which does not consider the statistical features of TLD measurements when 
estimating cumulative radioactivities in the source organs, and Deloar et al. reported that this 
method is highly dependent on the initial guess. Lu et al. have used the Jacobi linear inverse 
method to estimate the cumulative radioactivities in source organs. The Jacobi method can 
generally be used for solving a linear system where the coefficient matrix is diagonally 
dominant. This iterative method works fine with a well-conditioned linear system, but it will 
fail to converge for an ill-conditioned linear system. In our proposed technique, the 
maximum-likelihood expectationmaximization (MLEM) algorithm was used to solve the dose 
radioactivity formula iteratively. The MLEM algorithm is widely utilized as a PET image 
reconstruction method as the observed data follow a Poisson distribution. As a D-shuttle 
dosimeter counts the number of photons and follows Poisson distributions, the MLEM 
algorithm is expected to be more stable provide a better internal dosimetry estimate than 
the unfolding method or the Jacobi method. In this phantom experiment, nine D-shuttle 
dosimeters were attached to the front side of the phantom, and two D-shuttle dosimeters 
 




were attached to the back side of the phantom. Each % CV (see Table 3.4) was obtained from 
the estimated radioactivity data in 2-min intervals over a 110-min total dose measurement (n 
= 55), and each estimated radioactivity in a source organ was calculated using data from 11 
D-shuttle dosimeters. In general, less bias and % CV value were observed for larger source 
organs in the present study (see Table 3.4). Interestingly, the lowest % CV value obtained in 
this study occurred for the 28 mm sphere, although the 37 mm sphere had the highest 
radioactivity. Because of the internal radioactivity and geometric dependency, the 28 mm 
sphere contributed to a larger D-shuttle dosimeter response. The % CV value for the 22 mm 
sphere was larger than the expected value. This phenomenon may have occurred because 
the distance from the D-shuttle dosimeters attached the backside of the phantom to the 22 
mm sphere was the largest. It is clearly seen in Fig. 3.10 that the estimated result for each 
source organ was almost consistent after 25 iterations in the MLEM calculations. Further 
studies are required to determine how many iterations and how many D-shuttle dosimeters 
will be needed when the MLEM method is applied in a clinical PET study. In this phantom 
study, we validated our proposed technique for estimating internal dosimetry in a PET study 
using 18F-FDG PET radiotracer. Our new technique for internal dosimetry may be also useful 
for other nuclear imaging modalities, such as single photon emission computed tomography 
(SPECT) and planar scintigraphy. Generally, PET radiotracers (11C, 13N, 15O, 18F, etc.) emit 
higher energy gamma rays (511 keV). D-shuttle dosimeters were originally intended for use 
in the Fukushima Daiichi nuclear power plant accident and were optimized to detect 661.7 
keV gamma rays emitted from 137Cs, which are close to PET annihilation photon energy of 551 
keV. Moreover Čemusová et al. tested the energy dependency of the D-shuttle dosimeter and 
reported that maximum Hp (10) underestimation of 38% and 40% was detected for radiation 
qualities of N-150 and N-250, respectively. Therefore, to use our proposed technique on 
SPECT radiotracers (usually less than 300 keV gamma rays), we may need to optimize the 




                                                                                                                                                        
 






We proposed a convenient, novel, and non-invasive technique to estimate the internal 
dosimetry in a PET study using multiple D-shuttle dosimeters attached to the body surface of 
a patient. To validate our proposed technique, we performed a phantom study using a NEMA 
body phantom that contained six spherical radioactive sources and background radioactivity. 
The phantom study showed a good overall correlation between estimated and actual 
radioactivity. 






A comparison study using NEMA body Phantom: 
whole body dynamic PET imaging and D-shuttle 
dosimeter techniques 
 
4.1. Purpose of the Comparison Study 
 
D-shuttle dosimeter technique was introduced as a convenient approach for estimating the 
radiation dosimetry in PET study using multiple D-shuttle dosimeters attached to the body 
surface of a patient. In order to bring this technique into clinical usage, it is of great 
importance to compare the performance of D-shuttle dosimeter technique with any existing 
technique in PET study. We compared two approaches namely whole-body dynamic PET 
imaging and D-shuttle dosimeter techniques to estimate the cumulative radioactivities as well 
as absorbed dose in the torso cavity and six spheres embedded in the NEMA body phantom. 
 
4.2. Materials and Methods 
4.2.1. NEMA body phantom preparation  
 
The preparation of NEMA body phantom was described in Chapter 3 (see section 3.2).   
 
4.2.2. Whole body PET and body surface dose measurements with D-
shuttle dosimeters 
 
Body surface dose measurements by D-shuttle dosimeters were done during the PET study 
using an Eminence STARGATE PET scanner (Shimadzu, Kyoto, Japan) at the Cyclotron and
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Figure 4. 1: Positioning of D-shuttle dosimeters and NEMA body phantom imaging set up as 
performed in this PET study. 
 
Radioisotope Center, Tohoku University, Japan. The PET component is comprised of 4   
detector rings, each consisting of 88 detector blocks. One detector block consists of 9 x 10 
arrays of 2.45 x 5.1 x 30 mm3 gadolinium oxyorthosilicate (GSO) crystal elements. This gives 
an axial PET field of view (FOV) of 20.8 cm. Detector ring diameter is 60.0 cm.  After preparing 
the NEMA body phantom with 18F-FDG solution, the phantom was placed over patient’s bed 
and then imaged for one hour (Figure-4.1). All PET images were recorded in digital imaging 
and communications in medicine (DICOM) format.   
 
4.2.3. S-value calculation 
 
The absorbed dose in a target organ per cumulative radioactivity in a source organ (i.e., S-
value) for positron emitting radionuclide is mostly contributed by positrons and the two 
annihilation photons. The S-value of different source – target organ pairs due to the 
contributions of the 511 keV annihilations photons are computed by the aid of a 
mathematical NEMA body phantom. We performed a Monte Carlo simulation using 511 keV 
primary energy and 107 history numbers. PHITS simulation yields the total energy deposition
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Figure 4. 2: Super imposed of transmission and emission scans; PET image 
 
in each source organ for photons emitted from various source organs. We calculated S-values 
in the torso cavity and six spheres from the S-value absorbed from neighbouring organs and 
Self-absorbed S-value for 18F positron-emitting radionuclide. The self-absorbed S-value in the 
source organ is the contributions of 249.8 keV positrons emitted from 18F-radionuclide. We 
used seven input files for computing the S-value in the torso cavity and six spheres of NEMA 
body phantom by performing PHITS simulation. The PHITS input file for 37 mm sphere was 
shown in the Appendix-6. 
 
4.2.4. PET measurement 
 
The PET image analysis was performed using a medical image data examiner (AMIDE 1.0.4) 
(Figure-4.2). Three-dimensional volumes of interest (VOI) of each source organ were hand-
drawn on the PET transaxial or coronal slices of the emission frame to obtain the radioactivity 
concentration in each source organ. Cumulative radioactivities and absorbed doses in the 
torso cavity and six spheres of NEMA body phantom were calculated in accordance with the 
MIRD computational methodology using the estimated radioactivity concentrations.   
 
4.2.5. D-shuttle measurement 
 
In our previous study (See Chapter 3), we used a total 110 min D-shuttle dose data to validate 
the D-shuttle dosimeter technique. In the current study, we used the same dose  
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measurement data with 11 D-shuttle dosimeters for a total one-hour time period instead of 
a total 110-min dose data. The radioactivity A(t) at each 2 min interval in each source organ 
was estimated iteratively using the MLEM algorithm based on a one-hour total D-shuttle 
dosimeter dose measurements and R-values at accurate D-shuttle dosimeter positions by 
solving the dose-radioactivity formula (Eq.2.2). A python script by using a uniform initial guess  
1010 Bq and a total 40 iterations in MLEM algorithm was used to solve Eq. (2.5) iteratively. 
Cumulative radioactivities in the torso cavity and six spheres were estimated from the 
radioactivity at two-minute intervals in each source organ. Absorbed dose to each 
compartment of NEMA body phantom was calculated according to the MIRD methodology.  
 
4.2.6. Effective dose calculation 
 
According to ICRP 103, the effective dose was estimated by PET measurement and by D-
shuttle measurement. In this NEMA body phantom study, we considered the same weighting 
factor for the torso cavity and six spheres, and the sum of the weighting factors is 1. 
 
4.3. Results  
 
 The S-value in the torso cavity and six spheres of NEMA body phantom is tabulated in Table 
4.1. When source and target organ was same organ, S-value was larger due to positron 
interactions (see Table 4.1).  The actual and estimated cumulative radioactivities in all seven 
compartments embedded in NEMA body phantom are tabulated in Table 4.2. Absorbed dose 
estimates to target organs and effective dose from 18F-FDG are summarized in Table 4.3. The 
estimated cumulative radioactivities, absorbed doses and effective doses obtained from PET 
and D-shuttle measurements were very close to the actual value (See Table 4.2 and 4.3).  
Fig. 4.3 represents the ratios of the estimated cumulative radioactivities in the torso cavity 
and six spheres obtained from D-shuttle measurement and PET measurement against actual 
value.   The ratios of absorbed dose estimates to the torso cavity and six spheres obtained 
from D-shuttle measurement and PET measurement against actual value were also presented 
in Figure 4.4.             
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Table 4. 1: S-values (mGy/MBq.s) for the torso cavity and six spheres of NEMA body phantom 
















































































































Torso cavity 4.98E-06 4.86E-06 5.04E-06 5.49E-06 5.23E-06 5.42E-06 4.69E-06 
 
Table 4. 2: The actual and estimated cumulative radioactivities [kBq.h/MBq] of the torso cavity 





Estimated cumulative radioactivity  
PET measurement  D-shuttle measurement 
37 mm sphere 1168 1118 1111 
28 mm sphere 508 478 529 
22 mm sphere 245 210 239 
17 mm sphere 110 92.3 140 
13 mm sphere 51.9 41.8 49.8 
10 mm sphere 23.5 17.3 29.1 
Torso cavity 535 535 556 
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Figure 4. 3: Cumulative radioactivity ratios between the PET and D-shuttle measurements 
against actual value for all seven source organs (i.e., the torso cavity and six spheres) 
       
Table 4. 3: Absorbed dose estimates [mGy/MBq] to target organs and effective 

































Target organs Ideal PET measurement D-shuttle measurement 
37 mm sphere 7.64 7.31 7.27 
28 mm sphere 7.40 6.96 7.68 
22 mm sphere 7.17 6.17 7.02 
17 mm sphere 7.01 5.89 8.95 
13 mm sphere 6.87 5.54 6.60 
10 mm sphere 6.78 5.04 8.43 
Torso cavity 0.057 0.054 0.058 
Effective dose 6.13 5.28 6.57 
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Figure 4. 4: Absorbed dose ratios between the PET and D-shuttle measurements against actual 




Cumulative radioactivities and absorbed doses in the torso cavity and six spheres of NEMA 
body phantom were estimated through whole body dynamic PET imaging and D-shuttle 
dosimeter techniques. To calculate the cumulative radioactivities in the torso cavity and six 
spheres, we considered that biological excretion and uptake is negligible, and only physical 
decay dominates. OLINDA provides the tables of MIRD S-values for all source and target 
organs for a given phantom and radionuclide. Regarding the error evaluation of D-shuttle 
dosimeter technique and the comparison study of the internal radiation dosimetry between 
D-shuttle measurement and PET measurement using the MIRD schema, the S-values of the 
torso cavity and six spheres of the NEMA body phantom were computed by PHITS Monte 
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OLINDA/EXM does not provide the S-values for NEMA body phantom. The obtained results 
from both dosimetric techniques are in agreement with the actual value, as presented in 
Table 4.2 and Table 4.3. We found some errors in estimated cumulative radioactivity obtained 
from D-shuttle and PET measurements, as high as 28% in 17 mm sphere and 24% in 10 mm 
sphere, and 26% in 10 mm sphere and 20% in 13 mm sphere, respectively. The errors in 
absorbed doses to the torso cavity and six spheres for both dosimetric approaches were 
almost the same as the errors in estimated cumulative radioactivities. In general, less error 
was observed for larger source organs for both dosimetric techniques in the present study. 
The ratio of estimated cumulative radioactivities in the torso cavity and six spheres of NEMA 
body phantom obtained from PET and D-shuttle measurements with actual value were shown 
in Figure 4.3. Most of the ratios obtained from PET and D-shuttle measurements were in 
between 0.9 to 1.1 and 0.8 to 1.0, respectively, which indicate the performance of both 
dosimetric techniques in PET study. We also found the same trends for estimated absorbed 
dose ratios for both dosimetric approaches (see Figure 4.4). We found the same trends and 
the same errors between estimated absorbed doses and cumulative radioactivities in the 
torso cavity and six spheres of NEMA body phantom for both dosimetric approaches because 
the self-absorbed S-value of a target organ was very large (average 4.4x104 times) compared 
to the contributions of the cross-absorbed S-values in different source – target pairs for 18F-
positron emitting radionuclide. Since areas of low radioactivity appear less intense and form 
inconspicuous PET images due to the partial volume effect in PET study, we obtained 
inconspicuous images for 10 mm sphere, 13 mm sphere and 17 mm spheres (see Figure 4.2). 
The partial volume effect (PVE) is a degradation affected the PET images due to the limited 
spatial resolution of the PET image. Due to the fact, under estimations with the larger errors 
were found for small source organs such as 10 mm sphere, 13 mm sphere and 17 mm sphere 
in the PET measurement. On the other hand, the MLEM algorithm always gives the almost 
consistent estimation of the total radioactivity in a system through calculating the internal 
radioactivity in each source organ based on the actual internal radioactivity and geometry of 
the system. To estimate the consistent total radioactivity in a system, MLEM algorithm keeps 
the balance between the estimated internal radioactivities among the source organs through 
a bit overestimation and underestimation (see Figure 4.3 and 4.4). Therefore, the 
overestimation with the larger errors were found for small source organs such as the 10 mm
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sphere and the 17 mm sphere in the D-shuttle measurement. The bias in estimated effective 
dose from PET measurement and D-shuttle measurement were 14% and 7%, respectively. 
Due to the partial volume effect in PET imaging, the bias in estimated effective dose obtained 
from PET measurement was 2 times high as the bias obtained from D-shuttle measurement 




 We compared estimated doses by the D-shuttle dosimeter technique and the whole-body 
dynamic PET imaging technique. The estimated internal radiation doses by two techniques 
were close to the actual (true) values. The D-shuttle measurement showed overestimation 
and underestimation due to internal radioactivity and geometric dependency, while the PET 





















 Chapter 5 
 
Error evaluation study associated with D-shuttle 
dosimeter positioning on the NEMA body phantom 
 
5.1. Purpose of the Error Evaluation Study  
 
Internal radiation dose assessment by D-shuttle dosimeter technique depends on the model 
of human body and its organs, D-shuttle dosimeter positioning on the human body against 
source organs, and MLEM algorithmic calculation. To compute R-value at each D-shuttle 
dosimeter position by Monte Carlo simulation, we need to determine the accurate positions 
of the D-shuttle dosimeters and the positions of specified internal organs of the patient. In 
the validation study of D-shuttle dosimeter technique, the determination of D-shuttle 
dosimeters positioning on the NEMA body phantom surface and the position of source organs 
(i.e., the torso cavity and six spheres) were accurate. Hence, we obtained good results in all 
variants. However, in the clinical PET study, we can measure the positions of D-shuttle 
dosimeters on the patient body surface accurately. But, it is not possible to measure the 
positions of internal organs without performing computed tomography (CT) or magnetic 
resonance imaging (MRI) measurements. If CT and MRI procedures are not available, it may 
miss-match to determine the accurate position of D-shuttle dosimeter positioning on the 
patient body surface against the source organs. Therefore, it is required to investigate how 
much bias would be obtained if the determination of D-shuttle dosimeter positions is slightly 
inaccurate.  
 
5.2. Materials and Methods  
 
In our previous study (chapter 3), we determined the original positions of all eleven D-shuttle 
dosimeters carefully in Cartesian co-ordinates against the source organ;                                                                                                                                                                        
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Figure 5. 1: D-shuttle dosimeters on the surface of NEMA body phantom; the arrow indicates 
the centre of mis-located D-shuttle dosimeters at Z direction (upper) in a range of 1 to 5 cm 
from the original positions (the mis-located D-shuttle dosimeter positions attached the 
backside of the phantom was not shown). 
 
the torso cavity and six spheres of the NEMA body phantom were treated as the source organs, 
the D-shuttle dosimeters were attached to the surface of the NEMA body phantom, which 
was filled with 18F-FDG solution. Radioactivity concentrations present in the torso cavity and 
six spheres were 0.00165 MBq/mL and 1.32 MBq/mL, respectively. A mathematical NEMA 
body phantom has been modelled in the Heavy Ion Transport Code System (PHITS) Monte 
Carlo simulation code, which was used to compute R-values at the D-shuttle dosimeter 
positions. In the current study, we assumed the mis-located positions of D-shuttle dosimeters  
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Figure. 5.2 Mathematical NEMA body phantom in Monte Carlo simulation with accurate and 
mis-located positions of the D-shuttle dosimeters (D) in the Cartesian co-ordinates; the green 
and red colors (points) show the accurate positions and the 5 cm shifted positions, respectively.    
 
by shifting them in the z direction (upper) in a range of 1 to 5 cm from the original positions 
(See Figure 5.1). Figure 5.2 depicts the eleven D-shuttle dosimeter positions (D1 to D11) in 
Cartesian co-ordinates on the mathematical NEMA body phantom. The 5 cm shifted positions 
of all eleven D-shuttle dosimeters on the NEMA body phantom surface in the z direction 
(upper) from the original positions are also shown in Figure 5.2. The green and red colors 
(points) represent the accurate positions and the 5 cm shifted (mis-located) positions of D-
shuttle dosimeters, respectively.  
The length, width and interior height of the NEMA body phantom at x, y and z direction 
are 30 cm, 23 cm and 19.4 cm, respectively. The distance between the center of each sphere 
and inside surface of the mounting plate is 7 cm. The thicknesses of torso wall, superior,    
bottom and top lid are 0.3 cm, 1 cm, 1.1 cm and 2 cm, respectively.
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Figure 5.3 The lateral view at z=13.5 cm of the NEMA body phantom in PHITS; red color 
represents the position of six spheres in torso, with inner diameters of (1) 37 mm, (2) 28 mm, 
(3) 22 mm, (4) 17 mm, (5) 13 mm, and 6) 10 mm; x, y, z are 3 dimensional positions and r is 
the radius of the spheres (units are in cm). 
 
We determined the position of six spheres in torso cavity based on the above-mentioned 
phantom geometry. Figure 5.3 shows the lateral (XY plane) view at z = 13.5 cm in the 
mathematical phantom, where regions 1–6 represent the position of six spheres with 37 mm, 
28 mm, 22 mm, 17 mm, 13 mm, and 10 mm inner diameters, respectively.  
The PHITS Monte Carlo simulation yields the photon energy fluence at each D-shuttle 
dosimeter position for each source organ. We performed a Monte Carlo (PHITS) simulation 
using 511 keV primary energy, 60–700 keV energy range, 100 energy bins, the position of D-
shuttle dosimeters, and 107 history numbers. We calculated the R-values at every accurate 
and mis-located position for each source organ from the obtained photon energy fluence 
using Eq. (2). The body surface doses at mis-located positions of D-shuttle dosimeters were
                       (x         y       z          r) 
37mm sphere (-5.72, -3.5, 13.5, 1.85) 
28mm sphere (-2.86, -8.45, 13.5, 1.4) 
22mm sphere (2.86, -8.45, 13.5, 1.1) 
17mm sphere (5.72, -3.5, 13.5, 0.85) 
13mm sphere (2.86, 1.45, 13.5, 0.65) 
10mm sphere (-2.86, 1.45, 13.5, 0.50) 
Units in cm 
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 estimated from the actual radioactivity and R-values at mis-located D-shuttle dosimeter 
positions by solving the dose-radioactivity formula. The cumulative radioactivity in each 
source organ was then estimated using the MLEM algorithm based on the obtained body 
surface doses at mis-located D-shuttle dosimeter positions and the R-values at original D-
shuttle dosimeter positions. Absorbed doses for each mis-located position of D-shuttle 
dosimeters were calculated using the obtained cumulative radioactivities in the torso cavity 
and six spheres according to MIRD method. The effective dose for each mis-located position 
was calculated in accordance with ICRP 103. The cumulative radioactivities, absorbed doses 
and effective doses were estimated due to ‘‘n’’ number of mis-located D-shuttle dosimeter, 
where, n = 1, 2, 3, 4,…….11. We also identified the dosimeters which ones were mis-located 
in this study. The D-shuttle dosimeters, namely D1, D1 to D2, D1 to D3, D1 to D4, D1 to 
D5,………, and D1 to D11 were separately mis-located in a range of 1 to 5 cm in z-direction 
(upper) from the original positions. Actual cumulative radioactivities and absorbed doses in 
the torso cavity and six spheres of the NEMA body phantom were also calculated from the 
known radioactivity concentrations and inner volumes. 
Bias (%) in the cumulative radioactivities, average cumulative radioactivities of six 
spheres and torso cavity, absorbed doses and effective doses were then calculated based on 
the estimated (i.e., inaccurate results due to mis-location of D-shuttle dosimeters) and actual 
cumulative radioactivities and absorbed doses in the torso cavity and six spheres of the NEMA 
body phantom.   
 
5.3. Results 
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Bias (%) in the average cumulative radioactivity of the torso cavity and six spheres and in the 
effective dose associated with D-shuttle dosimeter positioning on the NEMA body phantom 
surface are tabulated in Table 5.1. 
 
Table 5. 1: Number of miss-determined D-shuttle dosimeters and bias (%) in the average 
cumulative radioactivity of the torso cavity and six spheres and in the effective dose associated 







Bias (%)b  
(Average cumulative radioactivity) 
Bias (%)b  
(Effective dose)  
1 cm  2 cm  3 cm  4 cm  5 cm  1 cm  2 cm  3 cm  4 cm  5 cm  
1 3.10 5.54 9.75 15.5 22.9 2.74 4.89 8.63 13.8 20.6 
2 1.36 2.31 3.80 6.12 9.30 0.85 1.39 2.21 3.75 6.02 
3 1.19 1.22 1.48 1.97 3.02 0.64 0.01 -0.69 -1.41 -1.73 
4 0.25 -0.29 -0.55 -0.38 -0.47 -0.16 -1.26 -2.38 -3.41 -4.43 
5 -7.84 -12.4 -19.8 -25.2 -30.0 -9.52 -15.3 -24.9 -32.7 -39.3 
6 -10.8 -18.1 -26.5 -32.5 -37.5 -13.4 -23.0 -34.8 -44.7 -52.7 
7 -12.7 -20.5 -28.6 -33.9 -38.2 -16.4 -27.2 -39.6 -49.4 -57.2 
8 -9.84 -15.3 -23.3 -29.0 -32.7 -14.4 -24.1 -37.8 -49.5 -58.3 
9 -10.6 -18.3 -27.4 -33.7 -36.8 -15.4 -27.7 -42.2 -53.9 -61.1 
10 -15.0 -26.6 -37.1 -43.6 -48.4 -19.7 -35.8 -51.3 -62.6 -71.0 
11 -13.7 -25.8 -37.8 -44.2 -49.1 -18.3 -34.9 -52.0 -63.0 -71.3 
aNumber of mis-determined D-shuttle Dosimeters.   
 bShifted position (cm) at Z axis (up) from the original position of D-shuttle dosimeter.  
 
Figures 5.4 and 5.5 illustrate the bias (%) in the cumulative radioactivity and in the absorbed 
dose of the torso cavity and six spheres associated with D-shuttle dosimeters mis-positioning 
in a range of 1 to 5 cm at z direction (upper) from the original positioning on the NEMA body 
phantom surface. In these figures, the red color filled circles represent the average cumulative 
radioactivity and the average absorbed dose (i.e., effective dose) of the torso cavity and six 
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spheres. The x-axis of these figures indicates the number of mis-located D-shuttle dosimeters 
and identifies the D-shuttle dosimeters which ones were mis-located. The positive and negative 
value of the y axis in the Figures indicate the overestimation and underestimation of our results, 
respectively.   
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Figure. 5.4  Box plots  of the bias (%) in the cumulative radioactivity of the torso cavity and six 
spheres associated with the mis-location of D-shuttle dosimeters; bias due to a) 1 cm mis-
location, b) 2 cm mis-location, c) 3 cm mis-location, d) 4 cm mis-location and e ) 5 cm mis-
location at z direction upper from the original positions. D1, D1-D2, D1-D3,…., D1-D11 indicate 
that one (i.e., D1), two (i.e., D1 and D2), three (i.e., D1, D2 and D3),……, eleven (i.e., D1 to D11) 
D-shuttle dosimeters were mis-located, respectively. Red filled circle represents the average 
cumulative radioactivity.     
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Figure. 5.5  Box plots of the bias (%) in the absorbed dose of the torso cavity and six spheres 
associated with the mis-location of D-shuttle dosimeters; bias due to a) 1 cm mis-location, b) 
2 cm mis-location, c) 3 cm mis-location, d) 4 cm mis-location and e ) 5 cm mis-location at z 
direction upper from the original positions. D1, D1-D2, D1-D3,…., D1-D11 indicate that one 
(i.e., D1), two (i.e., D1 and D2), three (i.e., D1, D2 and D3),……, eleven (i.e., D1 to D11) D-shuttle 




Our previous study (See Chapter 3) demonstrated a validation study of D-shuttle dosimeter 
technique by using a NEMA body phantom that contained six spherical radioactive sources 
and background radioactivity. In the validation study, we did not investigate the bias of 
estimated internal dosimetry due to the inaccurately determination of D-shuttle dosimeter 
positioning on the NEMA body phantom surface. Consequently, our current study was 
Chapter 5: Error evaluation study associated with D-shuttle dosimeter positioning on the 




performed to investigate the above-mentioned arising issues with our D-shuttle dosimeter 
technique.     
 
The cumulative radioactivities and absorbed doses in the torso cavity and six spheres 
embedded in the NEMA body phantom were estimated through the D-shuttle dosimeter 
technique assuming the mis-positioning of dosimeters in a range of 1 to 5 cm in z direction 
(upper) from the original positions. Figure 5.4 and Figure 5.5 demonstrate the bias in the 
cumulative radioactivities and absorbed doses associated with the inaccurately determined 
positioning of the D-shuttle dosimeters on the NEMA body phantom, respectively. It is clearly 
seen in the both figures, most of the box’s locations are on the -y axis which indicates the 
underestimated results due to the mis-located dosimeters. Since the mis-located D-shuttle 
dosimeter positions on the NEMA body phantom surface were far from the six radioactive 
spheres when compared to the original positions, the estimated surface doses at each mis-
located position of the D-shuttle dosimeter were lower than the measured surface doses at 
the original positions. Thus, we obtained this underestimation in the cumulative radioactivity 
and the absorbed doses of the torso cavity and six spheres. As shown in Fig. 5.4, the obtained 
average cumulative radioactivity of the torso cavity and six spheres were overestimated until 
3 mis-located D-shuttle dosimeters in a range of 0.25% to 22.9% and then it was 
underestimated due to 4 to 11 mis-located D-shuttle dosimeters as high as 49.0% at the 5 cm 
shifted position. It is also clearly seen in Fig. 5.5, the obtained average absorbed doses (i.e., 
effective doses) were overestimated until 3 mis-located D-shuttle dosimeters in a range of 
0.01% to 20.6% and then it was underestimated as high as 71.3% at the 5 cm shifted position. 
As shown in Fig. 4.4, the estimated absorbed doses in two small spheres (i.e., 17 mm and 10 
mm spheres) were overestimated by 28% in the 17 mm sphere and 24% in the 10 mm sphere. 
Therefore, the calculated effective doses (averaging doses of all targets) for less mis-locations 
(D1, D1 to D2, and D1 to D3) were overestimated in this study. For other cases, the 
overestimation of absorbed doses for lower radioactive spheres were lower than the 
underestimation of absorbed doses for other radioactive spheres, which resulted in the 
underestimation of the effective dose. As shown in Fig. 5.4 and 5.5, the error range increase 
by numbers of mis-located D-shuttle dosimeters. It is also apparent that the cumulative 
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radioactivities has a higher maximum and a larger range than the absorbed doses (see Figure 
5.4 and Figure 5.5).  
To apply the D-shuttle technique in a clinical PET study, we must take into account of the mis-
locations of D-shuttle dosimeter positions. Although we will consider the personal outfit of 
figure for each patient, mis-positioning of the D-shuttle dosimeter will not be avoidable if CT 
or MRI procedures are not available. Ficaro et al. [22] stated that “anatomic differences 
between the respective anthropormic phantoms and individual patients introduce a 
dosimetric error, and an error value of 10% to 20% is probably not inconsistent’’ and “recent 
data report that organ doses for individual patients derived from reference dose coefficients 
are generally accurate to no better than 30% to 50% and variability may be as much as a factor 
of 2 or more’’. The present study showed that the 1 cm and 2 cm mis-location of D-shuttle 
dosimeters attached to the NEMA body surface from the original positions introduced an 
error of the effective doses of -19.7% to 2.70% and -35.8% to 4.90%, respectively (see Figure 
5.5(a) and Figure 5.5(b)), which suggests error due to the 2 cm mis-location of the D-shuttle 
dosimeter may be in an acceptable range for practical use. Further studies are required to 
determine how many mis-located D-shuttle dosimeter and how much mis-located distance 
would be acceptable to estimate the consistent internal radiation dosimetry when the D-
shuttle dosimeter technique is applied in a clinical PET study. 
  
5.5. Conclusion   
 
The inaccurate determination of the D-shuttle dosimeter positioning on the patient body surface 
may lead to inaccuracies in the internal radiation dosimetry estimation in a clinical PET study. 
The present study evaluated the errors associated with the mis-location of D-shuttle dosimeters 
attached to a NEMA body phantom and showed that the 1 cm and 2 cm mis-location of all D-







Construction of Japanese reference phantom in 
PHITS Monte Carlo simulation 
 
6.1. Purpose of this Study  
 
We proposed D-shuttle dosimeter technique for estimating the personalized internal 
radiation dose in nuclear medicine. Due to the fact, a personalized phantom is necessary for 
estimating realistic internal dosimetry for R-value calculations from the Monte Carlo 
simulation. Personalized mathematical phantom can be developed by 1) using the patient’s 
anatomical data which can be obtained by performing computed tomography (CT) or 
magnetic resonance imaging (MRI) measurements, or 2) redesigning the regional reference 
phantom by modifying the equations of the outer body and the internal organs if CT or MRI 
procedures are not available. For redesigning the regional phantom, the outer body 
dimensions can be obtained by scaling the measurements of the patient’s body. Based on the 
outer dimensions of the patient’s body, the internal structure of the personalized 
mathematical phantom can be reconstructed using the same volumes of the internal organs 
of the regional reference phantom. Therefore, the aim of this study is to construct the 
Japanese reference phantom in PHITS Monte Carlo code.   
 
6.2. Materials and Methods  
 
We constructed the Japanese Reference Adult phantom in the Particle and Heavy Ion 
Transport Code System (PHITS) Monte Carlo code according to the Cristy et al. (Cristy et al. 
Oak Ridge Natl Lab; 1985. Report no.: ORNL/TM-9487) materials. 
 
 
                                                                                                                                                                                                                                                                                                              
 




6.2.1. Exterior of the phantom 
 
The height and weight of the Japanese reference phantom were 160 cm and 55 kg, 
respectively. This phantom consists of three major sections; an elliptical cylinder representing 
the trunk and arms, two truncated circular cones representing the legs and feet, and a circular 
cylinder (neck) topped by an elliptical cylinder capped by half an ellipsoid representing the 
head and neck. Attached to the legs section is a small region with a plain front surface to 
contain the testes for representing the male genitalia. Attached to the trunk are portions of 
two ellipsoids representing the female breasts. The height, weight, and volume of the major 
sections for representing the Japanese reference phantom are tabulated in Table 6.1.  
 
Table 6. 1: Height and weight of the major sections for representing the Japanese reference 
phantom. 
Major sections Height [cm] Volume [cm3] Weight [kg] 
Trunk 63.10 33,500 33.9 
Head and neck 22.91 4570 5.06 
Legs 74 14,600 15.9 
Total 160.0 52,670 55.0 
 
6.2.2. Body and internal organ size of the phantom 
 
Actually, this phantom is a modification of the 57-kg ORNL phantom. To make this phantom 
correspond more closely with dimensions and organ sizes, the sizes of the internal organs 
have been modified according to the volume of the internal organs of Japanese people. The 
volume of internal organs in the Japanese reference phantom are tabulated in the Table 6.2. 
We used a surface section in PHITS input file for defining the body and internal organs of the 
Japanese reference male/female phantom (see Appendix-7).                                                                                                
 
                                                                                                                                                                      
 




Table 6. 2: Organ volume [cm3] in Japanese reference phantom (adult male and female) 
Organ  Volume Organ Volume 
Skeletal system Testes 33.7 
Leg bones  1990 Thymus  27.3 
Arm bones 731 Thyroid 17.3 
Pelvis 460 Urinary bladder 34.5 
Spine 700 Urinary bladder Contents 154 
Cranium 508 Uterus 76.0 
Facial skeleton 234 Heart: 
Rib cage 531 Left ventricle wall 135 
Clavicles 41.6 Left ventricle contents 77.4 
Scapulae 154 Right ventricle wall  51.4 
Soft Tissue Right ventricle contents 82.9 
Adrenals 10.1 Left atrium wall  23.7 
Brain 1350 Left atrium contents 88.3 
Breasts 298 Right atrium wall  20.7 
Gall bladder wall 8.92 Right atrium contents 85.5 
Gall bladder contents 47.1 Lower large intestine: 
Kidneys 238 Descending colon wall 68.3 
Liver 1360 Descending colon contents 78.2 
Lungs 3007 Sigmoid colon wall 53.8 
Ovaries 8.32 Sigmoid colon contents 26.8 
Male genitalia 154 Upper large intestine: 
Pancreas 85.7 Ascending colon wall 69.5 
Spleen 119 Ascending colon contents 73.4 
Stomach Wall 113 Transverse colon wall 92.3 
Stomach contents  187 Transverse colon contents 96.0 
Small intestine 806   
                                                                                                                                                                       
 




6.2.3. Composition of the phantom 
 
Japanese reference phantom consists of skeletal, lung, and other soft tissue which are 
recognized in the Monte Carlo radiation transport codes. The compositions and densities of 
the phantom are given in Table 6.3. These three tissue types are composed principally of 
hydrogen, carbon, nitrogen, and oxygen. The densities of the skeletal region, lungs, and the 
remainder of the phantom are approximately 1.4, 0.30, and 1.04 g/cm3, respectively. We 
used a material section in PHITS input file for defining the composite material section and 
color definition for graphical plots (See Appendix-8). The densities of the skeleton, lung and 
soft tissues are defined in the cell section in PHITS input file. We used the three dimensional 
[3D show] and two dimensional [G-show] in PHITS input file for geometry visualization in 
graphical plots (see Appendix-9).               
                                                                                                                                               
Table 6. 3: Elemental composition of body tissues in the Japanese reference phantom (adult 
male and female) expressed as percentage by weight and density of body tissues in [g/cm3] 
Element Soft Tissue Skeleton Lung 
H 10.514 7.279 10.212 
C 22.631 24.644 10.241 
N 2.339 3.057 2.910 
O 63.686 46.884 75.630 
Na 0.114 0.322 0.185 
Mg 0.013 0.111 0.007 
P 0.134 5.027 0.080 
S 0.202 0.312 0.226 
Cl 0.136 0.141 0.267 
K 0.202 0.151 0.195 
Ca 0.024 12.065 0.009 
Fe 0.006 0.008 0.037 
Density  1.04 1.4 0.296 
 






Computational construction of the Japanese reference phantoms (adult male and adult 
female) are presented in Figure 6.1. Figure 6.2 depicts the coronal view of the principal organs 
of Japanese reference phantom at; a) Y=0 cm, b) Y= 5 cm, and c) Y=-5cm. The body is 
represented as erect with the positive z-axis directed upward toward the head and neck 
section. The x-axis is directed to the phantom's right (the reader's left), and the y-axis is 
directed toward the posterior side of the phantom. The origin is taken at the center of the 
base of the trunk section of the phantom. In general, the dimensions (in centimeters) are 
given to two decimal places. The use of two decimal places does not imply that the average 
dimensions in some human population are known to such precision. This use is for 
convenience in designing the organs with correct volumes and spatial relationships. Figure 
6.3 depicts Lateral view at a) Z= 74.0 cm, b) Z= 73.0 cm, c) Z=69 cm, and d) Z= 64.0 cm of the 
head and neck portion of the Japanese reference phantom where regions 6 - 7, 17, 41-44 
represent the neck, skin, brain, spine, skull cranium, facial skeleton, and thyroid, respectively.  
Figure 6.4 depicts Lateral view at a) Z= 62.0 cm, b) Z=-52.0 cm, c) Z=-48.0 cm (male), d) Z= 48.0 
cm (female), e) Z=44.3 cm, f) Z= 44.0 cm, g) Z=37.0 cm, h) Z= 36.0 cm, i) Z= 30.0 cm, j) Z= 24.0 
cm, k) Z=19.0 cm, l) Z=13.0 cm (male), m) Z= 13.0 cm (female), n) Z= 7.0 cm, and o) Z= 4.0 cm 
of the trunk portion of the Japanese reference phantom where regions 7, 9-15, 18-20, 24-26, 
28-29, 41, 45, 47-63, 64, 65 and 108 represent skin, lung, liver, stomach wall, stomach 
contents, urinary bladder wall, urinary bladder contents, ovary (female), esophagus, colon 
( ascending, transverse, descending and sigmoid) wall, colon contents, arm bones, clavicles, 
scapulae, pelvis, rib cage, spine, kidneys, pancreas, spleen, thymus, adrenals, gall bladder wall, 
gall bladder contents,  left ventricle wall, left ventricle contents, right ventricle wall, right 
ventricle contents, left atrium wall, left atrium contents, right atrium wall, right atrium    
contents, small intestine, trunk, uterus (female), breasts (female) and void in esophagus, 
respectively.  Figure 6.5 depicts Lateral view at a) Z= 0.0 cm (male), b) Z=-2.0 cm (male), c) Z=-
2.0 cm (female) of the leg portion of the Japanese reference phantom where regions 4, 7, 15, 
21, and 64 represent the legs, skin, testes (male), leg bones, and male genitalia (male), 
respectively.                                                                                                                                                                   
 




                                                                                              
 a) Adult Male        b) Adult female  
Figure 6. 1: The 3D view of the Japanese Reference Phantom; a) adult male, and b) adult 
female.   
 
Figure 6.6 depicts the 3D view of the skeleton system of Japanese reference phantom. The 
color schemes in Figure 6.1-6.6 depict the computational configuration of the Japanese 
reference phantom in PHITS, where pink, cyan, red and blue colors represent the skin, bulk-
tissues, skeleton and lung of the phantom.     
 
















Upper large intestine 
Small Intestine 
Pelvis  
Lower large intestine 
Leg bone 
 






b) Coronal (XZ) plane at Y=5 cm              c) Coronal (XZ) plane at Y=-5 cm                                      
 
Figure 6. 2: Coronal view of the principal organs of Japanese reference phantom at; a) Y=0 
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a) XY plane at Z= 74.00 cm 
Y-axis 
X-axis 









                                      
 
Figure 6. 3: Lateral view of the head and neck portion of the Japanese reference phantom at 
a) Z= 74.0 cm, b) Z= 73.0 cm, c) Z=69 cm, and d) Z= 64.0 cm.





























































































i) XY plane at Z= 30.0 cm 
Gall bladder  
 





























Figure 6. 4: Lateral view of the trunk portion of the Japanese reference phantom at a) Z= 62.0 
cm, b) Z=-52.0 cm, c) Z=-48.0 cm (male), d) Z= 48.0 cm (female), e) Z=44.3 cm, f) Z= 44.0 cm, 
g) Z=37.0 cm, h) Z= 36.0 cm, i) Z= 30.0 cm, j) Z= 24.0 cm, k) Z=19.0 cm, l) Z=13.0 cm (male), m) 
Z= 13.0 cm (female), n) Z= 7.0 cm, and o) Z= 4.0 cm.

























Figure 6. 5: Lateral view of the leg portion of the Japanese reference phantom at a) Z= 0.0 cm 
(male), b) Z=-2.0 cm (male), c) Z=-2.0 cm (female).





c) XY plane at Z= -2.0 cm (Female) 
Leg bone 
Skin 
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 6.4. Discussion 
 
In our present study, Figure 30-35 demonstrate the computational modelling of Japanese 
adult male and female reference phantom. Coronal and lateral planes at several dimensions 
represent the two-dimensional geometry visualisation of the Japanese reference phantom 
(see Figure 31-34). These planes correspond with the shape of the internal organs reported 
in Kerr et al.  They have developed another Japanese adult phantom; the total body height 
and weight of this phantom were 162 cm and 55 kg, respectively. They reported the coronal 
and lateral planes at several dimensions. 
 
 The volume of internal organs of the Japanese reference phantom reported by Cristy et al. 
are listed in Table 6.2. There will be not enough significantly difference if we use these 
volumes for modelling the personalized phantom of a patient based on the outer dimension 




We constructed successfully the Japanese reference phantoms for representing the Japanese 
adult male and female in computational modelling in PHITS Monte Carlo code. A personalized 
mathematical phantom of a patient will be developed by redesigning this computational 















Personalized Dosimetry of [15O] water: A clinical 
application of D-shuttle dosimeter technique in PET 
study 
 
7.1. Background  
 
Oxygen-15 labeled water as a freely diffusible tissue tracer with positron emission 
tomography (PET) is widely used to evaluate the quantitative measurement of regional 
cerebral blood flow (RCBF).  The RCBF measurement is a fundamental physiological parameter 
for characterizing the status of the brain tissue, and has important clinical implications in 
defining tissue ischemia, in diagnosing neurodegenerative diseases, and in locating and 
monitoring angiogenically active tumour tissues. This cyclotron product has a very short half-
life of about 2 minutes thereby allowing sufficiently large amount of radioactivity by 
administration of multiple, serial bolus injections to human subjects. [15O] is a positron 
emitter which results two back to back 511 keV annihilation gamma rays for each positron 
decay. The absorbed dose to human subject from [15O]-water study is an important 
consideration in ensuring the safe use of PET technology.  
 
7.2. Materials and Methods 
  
In order to bring our D-shuttle dosimeter technique into PET clinical application, we 
performed 15O-water study to estimate personalized internal radiation dosimetry of human 
subject.     
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7.2.1. Subject demography 
 
Four normal Japanese volunteers have been enrolled in various sessions (Se) of 15O-water 
study; each subject was participated in total three sessions and each session was performed 
at least after one month. None of them had a prior history of any major physical illness. 
Physical fitness of subjects for participation in this PET clinical study was determined by 
interview, vital signs and physical examinations. All four subjects were males over the age of 
20 to 24 years, with a body mass index of 17.9 to 21 kg/m2, a height of 170.6 to 177.8 cm. 
Clinical study protocols were approved by the Ethics committee for Clinical Radioisotope 
Research of the Tohoku University. All subject provided written informed consent after 
receiving a detailed explanation of the study purpose and the PET scanning protocols. 
 
7.2.2. D-shuttle dosimeter positioning on the human body surface  
 
Before the intravenous injection of [15O] water, fifteen D-shuttle dosimeters were placed on 
the subject’s body surface for all twelve sessions to obtain the body surface doses at those 
positions during the PET study. Another two D-shuttle dosimeter was placed outside the PET 
room to obtain the background radiation measurement. The background radiation dose was 
subtracted from the body surface doses which are used for calculating the radioactivity in 
specific source organ using equation 2.2.  
We prepared a common frame with a board paper, and fourteen D-shuttle dosimeters (D2 to 
D15) were attached to the frame (See Figure 7.1 and 7.2). Schematic diagram of 15 D-shuttle 
dosimeters positioning on the subject’s body for detection of body surface doses is shown in 
Figure 7.2. When the subject laid on the patient bed, this frame was placed on the trunk 
region of the subject body to measure the body surface doses at torso region (see Figure 7.3). 
To measure the surface dose at head region, another D-shuttle dosimeter (D1) was attached 
to surface of the head (See Figure 7.4).   
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Figure 7. 1: A common frame with 14 D-shuttle dosimeters (D2 to D15) to place on the trunk 
region of the subject for measuring the body surface doses during PET study. 
 
After placing the D-shuttle dosimeters on the body surface of the subject, we measured the 
distance between D1 and D2 carefully. The D-shuttle dosimeter positioning on the subject 
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Figure 7. 2: Schematic diagram of 15 D-shuttle dosimeters positioning on the subject’s body 
for detection of body surface doses 
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Figure 7. 3: D-shuttle dosimeter positioning on the torso region of the subject 
 
                                    
Figure 7. 4: D-shuttle dosimeter positioning on the subject’s head
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Table 7. 1: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-1 
D-shuttle dosimeter Session-1 Session-2 Session-3 
D1 0.0 -1 92.6 0.0 -1 92.6 0.0 -1 92.6 
D2 0.0 -10.5 61.4 0.0 -10.5 61.4 0.0 -10.5 61.4 
D3 0.0 -10.5 55 0.0 -10.5 55 0.0 -10.5 55 
D4 0.0 -10.5 48 0.0 -10.5 48 0.0 -10.5 48 
D5 0.0 -9.8 48 0.0 -9.8 48 0.0 -9.8 48 
D6 0.0 -9.8 48 0.0 -9.8 48 0.0 -9.8 48 
D7 0.0 -10.5 41 0.0 -10.5 41 0.0 -10.5 41 
D8 0.0 -10.5 34 0.0 -10.5 34 0.0 -10.5 34 
D9 0.0 -9.8 28 0.0 -9.8 28 0.0 -9.8 28 
D10 0.0 -9.8 28 0.0 -9.8 28 0.0 -9.8 28 
D11 0.0 -10.5 27 0.0 -10.5 27 0.0 -10.5 27 
D12 0.0 -10.5 20 0.0 -10.5 20 0.0 -10.5 20 
D13 0.0 -10.5 13 0.0 -10.5 13 0.0 -10.5 13 
D14 0.0 -10.5 6 0.0 -10.5 6 0.0 -10.5 6 
D15 0.0 -10.5 -1 0.0 -10.5 -1 0.0 -10.5 -1 
 
Table 7. 2: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-2 
D-shuttle  Session-1 Session-2 Session-3 
D1 0.0 -7.5 93.0 0.0 -6.0 93.0 0.0 -0.0 93.0 
D2 0.0 -6.51 61.4 0.0 -6.51 61.4 0.0 -6.51 61.4 
D3 0.0 -10.5 55 0.0 -10.5 55 0.0 -10.5 55 
D4 0.0 -10.5 48 0.0 -10.5 48 0.0 -10.5 48 
D5 0.0 -9.8 48 0.0 -9.8 48 0.0 -9.8 48 
D6 0.0 -9.8 48 0.0 -9.8 48 0.0 -9.8 48 
D7 0.0 -10.5 41 0.0 -10.5 41 0.0 -10.5 41 
D8 0.0 -10.5 34 0.0 -10.5 34 0.0 -10.5 34 
D9 0.0 -9.8 28 0.0 -9.8 28 0.0 -9.8 28 
D10 0.0 -9.8 28 0.0 -9.8 28 0.0 -9.8 28 
D11 0.0 -10.5 27 0.0 -10.5 27 0.0 -10.5 27 
D12 0.0 -10.5 20 0.0 -10.5 20 0.0 -10.5 20 
D13 0.0 -10.5 13 0.0 -10.5 13 0.0 -10.5 13 
D14 0.0 -10.5 6 0.0 -10.5 6 0.0 -10.5 6 
D15 0.0 -10.5 -1 0.0 -10.5 -1 0.0 -10.5 -1 
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Table 7. 3: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-3 
D-shuttle Session-1 Session-2 Session-3 
D1 0.0 -7.0 92.0 0.0 -7.0 92.0 0.0 -7.0 92.0 
D2 0.0 -6.27 63.4 0.0 -6.27 65.4 0.0 -6.27 63.9 
D3 0.0 -8.7 57.0 0.0 -8.7 59.0 0.0 -8.7 57.5 
D4 0.0 -8.7 50.0 0.0 -8.7 52.0 0.0 -8.7 50.5 
D5 10.0 -8.0 50.0 10.0 -8.0 52.0 10.0 -8.0 50.5 
D6 -10.0 -8.0 50.0 -10.0 -8.0 52.0 -10.0 -8.0 50.5 
D7 0.0 -8.7 43.0 0.0 -8.7 45.0 0.0 -8.7 43.5 
D8 0.0 -8.7 36.0 0.0 -8.7 38.0 0.0 -8.7 36.5 
D9 10.0 -8.0 30.0 10.0 -8.0 32.0 10.0 -8.0 30.5 
D10 -10.0 -8.0 30.0 -10.0 -8.0 32.0 -10.0 -8.0 30.5 
D11 0.0 -8.7 29.0 0.0 -8.7 31.0 0.0 -8.7 29.5 
D12 0.0 -8.7 22.0 0.0 -8.7 24.0 0.0 -8.7 22.5 
D13 0.0 -8.7 15.0 0.0 -8.7 17.0 0.0 -8.7 15.5 
D14 0.0 -8.7 8.0 0.0 -8.7 10.0 0.0 -8.7 8.5 
D15 0.0 -8.7 1.0 0.0 -8.7 3.0 0.0 -8.7 1.5 
 
Table 7. 4: D-shuttle dosimeter (D) positions in Cartesian coordinates (X, Y, Z) on the body 
surface for subject-4 
D-shuttle dosimeter Session-1 Session-2 Session-3 
D1 0.0 -7.5 90.0 0.0 -7.5 90.0 0.0 -7.5 90.0 
D2 0.0 -6.27 62.9 0.0 -6.27 63.9 0.0 -6.27 63.9 
D3 0.0 -8.7 56.5 0.0 -8.7 57.5 0.0 -8.7 57.5 
D4 0.0 -8.7 49.5 0.0 -8.7 50.5 0.0 -8.7 50.5 
D5 10.0 -8.0 49.5 10.0 -8.0 50.5 10.0 -8.0 50.5 
D6 -10.0 -8.0 49.5 -10.0 -8.0 50.5 -10.0 -8.0 50.5 
D7 0.0 -8.7 42.5 0.0 -8.7 43.5 0.0 -8.7 43.5 
D8 0.0 -8.7 35.5 0.0 -8.7 36.5 0.0 -8.7 36.5 
D9 10.0 -8.0 29.5 10.0 -8.0 30.5 10.0 -8.0 30.5 
D10 -10.0 -8.0 29.5 -10.0 -8.0 30.5 -10.0 -8.0 30.5 
D11 0.0 -8.7 28.5 0.0 -8.7 29.5 0.0 -8.7 29.5 
D12 0.0 -8.7 21.5 0.0 -8.7 22.5 0.0 -8.7 22.5 
D13 0.0 -8.7 14.5 0.0 -8.7 15.5 0.0 -8.7 15.5 
D14 0.0 -8.7 7.5 0.0 -8.7 8.5 0.0 -8.7 8.5 
D15 0.0 -8.7 0.5 0.0 -8.7 1.5 0.0 -8.7 1.5 
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7.2.3. PET scanning protocols and body surface dose measurement 
with D-shuttle dosimeters 
 
The measurements of body surface doses with D-shuttle dosimeters were done during the 
PET study with a PET scanner (Eminence SET-3000 BX, Shimadzu Co. Ltd, Kyoto, Japan) at the 
Cyclotron and Radioisotope Center (CYRIC) of Tohoku University, Japan. The PET component 
is comprised of 5 detector rings, 440 detector blocks, and 21120 pieces of 3.5 x 6.25 x 30 mm3 
bismuth germanate (BGO) crystal elements. This gives a PET field of view (FOV) of 60 cm.  
A transmission scan was performed with a Caesium -137 source with 740 MBq radioactivity 
for attenuation correction of the emission data at the beginning each session, and then the 
tracer O-15 labeled water was injected intravenously in the brachial vein of the right arm of 
the subject via an automatic injector (15O water synthesis injection system (UG-OW-1), 
Universal Giken Co. Ltd, Japan). Multiple bolus injection in a range of 4 to 9 times in each 
session of the subject were injected at 10 to 15 minutes’ intervals. We performed 60 second 
PET scan acquisition starting at the time of each injection. The injected activity range in each 
session was 66.3 to 114.5 MBq. The injected activity of the tracer O-15 water was summarized 
in Table 7.5. 
 
Table 7. 5: The injected activity of the tracer [15O] water 
 
Subject 



















1 8 792.4 8 746.2 4 375.2 
2 8 770.1 8 745.5 8 747.7 
3 8 766.6 8 750.5 8 760.3 
4 8 744.1 9 842.9 8 750.7 
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7.2.4. R-value calculation 
 
We measured the outer body dimensions of all human subjects before the PET scan started 
and used to model the personalized mathematical phantom in the PHITS Monte Carlo code. 
The measured outer body dimensions of all human subjects participated in 15O water study 
are summarized in Table 7.6. To construct the personalized mathematical phantom, we 
redesigned the Japanese reference phantom based on the outer body dimensions. In the 
personalized mathematical phantom, we used the same volumes of internal organs of the 
Japanese reference phantom and reconstructed the structure of internal organs. Personalized 
mathematical phantom was used to compute the R-values at every D-shuttle dosimeter 
position using equation 2.4. 
 
Table 7. 6: Outer body dimensions of the four human subjects participated in [15O] water PET 
study. 
Dimension  Subject-1 Subject-2 Subject-3 Subject-4 
Height (cm) 172.8 174.9 177.8 170.6 
Weight (kg) 61.6 64.1 60.6 52.4 
BMI (kg/m2) 20.6 21 19 17.9 
Height of the head and neck region (cm) 29.5 29.5 31 29 
Circumference of the head (cm) 62 60 58 58 
Circumference of the neck (cm) 36.5 36 35 35 
Height of the trunk (cm) 63.1 63.5 62.5 62.5 
Length of the trunk (cm) 37.2 38.6 41.2 36.6 
Width of the trunk (cm) 19.6 19.6 16 16 
Circumference of the trunk (cm) 110 111 110 103 
Height of the leg (cm) 80.2 81.9 84.3 79.1 
Circumference of the leg (upper) (cm) 53.5 56 52 47 
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A Monte Carlo simulation was performed using 511 keV primary energy, 60-700 keV energy 
range, 100 energy bins and 105 history numbers. The PHITS simulation yields the photon 
energy fluence at each D-shuttle dosimeter positions for each specified source organs. In this 
study, nine organs were selected as source organs, i.e. the brain, lungs, heart, liver, kidneys, 
pancreas, spleen, urinary bladder and reminder the body. We calculated the R-value at every 
D-shuttle dosimeter position for each source organ from the obtained energy fluence using 
Eq. 2.4      
 
7.2.5. Internal radiation dosimetry estimation 
 
The radioactivity A(t) at 2 minutes’ interval in each source organ for each subject was 
estimated using MLEM algorithm based on body surface doses as measured by D-shuttle 
dosimeters and the R-values at D-shuttle dosimeter positions obtained by PHITS simulation. 
A Python script was used to solve Eq. 2.5. An initial guess of 1016 Bq and a total of 40 iterations 
were used in MLEM algorithm for estimating the radioactivity in each source organ. The time 
activity curve (TAC) for nine source organs for [15O] water was drown using the estimated 
radioactivity at 2 minutes’ interval. The cumulative activities in nine source organs and whole 
body for each subject were estimated through the D-shuttle dosimeter technique. Absorbed 
doses to several target organs were computed according to MIRD methodology with 





Personalized mathematical phantom in PHITS Monte Carlo code for four subjects are shown 
in Figure 7.5. These mathematical phantoms correspond with each subject geometry (i.e., 
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a) JRP         b) Subject-1          c) Subject-2                c) Subject-3                  d) Subject-4   
Figure 7. 5: Japanese reference phantom (JRP) and personalized mathematical Phantom 
simulated by PHITS; a) (JRP) b) subject-1, b) subject-2, c) subject-3, and d) subject-4. 
 
Time-dose curve due to four times bolus injections of [15O] water was shown in Figure 7.6. 
The body surface doses at 2 minutes’ interval were measured by D-shuttle dosimeters during 
bolus injections of [15O] water in the 3rd session of subject-1.  
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Figure 7. 6: Time-dose curve due to four times bolus injections of [15O] water; these body 
surface doses at 2 minutes interval were measured by 15 D-shuttle dosimeters (D1 to D15) 
attachment in the 3rd session of subject-1.   
 
Time activity curve (TAC) of nine source organs for bolus injection of [15O] water calculated 
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Figure 7. 7: Time activity curve of nine source organs for bolus injection of [15O] water 
calculated by D-shuttle dosimeter technique. 
 
The mean cumulative activities of nine source organs and whole body with their standard 
deviations of all three sessions for each subject due to bolus injection of [15O] water in PET 
study are shown in Table 7.7. The average cumulative activities of all twelve sessions for four 
subjects in several source organs and whole body with the standard deviations for [15O] water 
bolus injection examined by D-shuttle dosimeter technique were compared with the reported 
data by Narayana et al., Brihaye et al., and ICRP publication 106 for bolus injection of [15O] 
water and with Deloar et al., and Kearfott et al. for inhalation of [15O] carbon dioxide in Table 
7.8. Absorbed dose estimates (mean ± standard deviation) to various target organs and 
effective dose for each subject from [15O] water calculated by D-shuttle dosimeter technique 
were tabulated in Table 7.9.  The average absorbed dose estimates of all twelve sessions for 
four subjects for various organs and effective dose obtained from D-shuttle dosimeter 
technique were compared to the past studies reported by ICRP-106, Brihaye et al., Narayana 
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 Table 7. 7: The cumulated activities (±SD) in kBq.h/MBq of nine source organs for each subject 
for bolus injection of [15O] water estimated by D-shuttle dosimeter technique. 
Source organs Subject-1 Subject-2 Subject-3 Subject-4 
Brain 1.44±0.334 2.35±0.647 2.22±0.051 1.73±0.233 
Heart 0.618±0.288 1.17±0.186 0.439±0.215 0.594±0.482 
Kidney 0.624±0.165 0.540±0.042 0.408±0.167 0.728±0.135 
Liver 1.65±0.604 1.39±0.153 1.16±0.069 1.20±0.209 
Lung 6.97±1.00 7.67±0.475 5.29±0.067 2.96±0.584 
Pancreas 0.722±0.182 0.513±0.222 0.451±0.255 0.758±0.215 
Spleen 0.896±0.506 0.726±0.284 0.203±0.137 0.885±0.172 
Urinary bladder 0.010±0.006 0.007±0.005 0.0003±0.0001 0.031±0.016 
Reminder body 27.6±1.62 25.2±2.19 34.5±1.44 31.6±2.08 
Total body 40.5±1.09 39.6±1.38 44.7±1.87 40.5±2.59 
 
Table 7. 8: Comparison of cumulated activities of this work for bolus injection of [15O] water 
and other studies due to bolus injection of [15O] water or inhalation of [15O] carbon dioxide. 
Source organs Present work ICRP-106 Brihaye 




al.   
Kearfott 
et al. 
Brain 1.93±0.502 3.6 1.67 4.45 2.34 0.34 
Heart 0.749±0.340 … … … 3.12 0.75 
Kidney 0.575±0.169 1 0.536 1.34 0.53 0.28 
Liver 1.35±0.348 5.3 2.41 3.23 2.54 1.50 
Lung 5.72±1.97 3.1 1.01 1.96 5.94 … 
Pancreas 0.611±0.233 0.25 … … 0.21 ... 
Spleen 0.677±0.396 0.56 … … 0.36 … 
Urinary bladder 0.012±0.014 … … … 0.74 … 
Reminder body 29.7±4.06 33.3 43.0 31.3 16.5 46.1 
Total body 41.3±2.59 49.3 49.0 44.8 32.3 49.0 
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Table 7. 9: Absorbed dose estimates in mGy/MBq (mean ± standard deviation) to various 
target organs and effective dose in mSv/MBq for each subject from [15O] water calculated by 
D-shuttle dosimeter technique.   
Source organs Subject-1 Subject-2 Subject-3  Subject-4 
Adrenals  3.6E-04±1.9E-05 3.3E-04±2.1E-05 3.8E-04±2.3E-05 3.7E-04±2.6E-05 
Brain 5.3E-04±1.4E-04 9.0E-04±2.4E-04 8.6E-04±1.8E-05 6.8E-04±8.8E-05 
Gallbladder Wall   3.3E-04±1.0E-05 3.0E-04±2.0E-05 3.7E-04±1.9E-05 3.5E-04±2.5E-05 
LLI Wall  2.8E-04±1.8E-05 2.5E-04±2.1E-05 3.4E-04±1.5E-05 3.1E-04±2.1E-05 
Small Intestine  2.9E-04±1.9E-05 2.6E-04±2.2E-05 3.5E-04±1.6E-05 3.3E-04±2.2E-05 
Stomach Wall   3.3E-04±2.7E-05 3.0E-04±2.3E-05 3.6E-04±2.5E-05 3.6E-04±2.7E-05 
ULI Wall  2.9E-04±1.7E-05 2.6E-04±2.1E-05 3.5E-04±1.6E-05 3.2E-04±2.2E-05 
Heart Wall 5.8E-04±7.9E-05 1.2E-03±3.7E-04 5.7E-04±2.6E-05 7.1E-04±2.5E-04 
Kidneys  1.2E-03±3.0E-04 9.5E-04±7.3E-05 7.5E-04±2.7E-04 1.3E-03±2.2E-04 
Liver  6.0E-04±1.2E-04 4.9E-04±3.9E-05 4.2E-04±1.2E-05 4.2E-04±5.7E-05 
Lungs 3.4E-03±2.0E-04 3.6E-03±2.1E-04 2.5E-03±3.1E-05 1.4E-03±2.6E-04 
Muscle  2.7E-04±1.5E-05 2.5E-04±1.8E-05 3.2E-04±1.4E-05 2.9E-04±1.9E-05 
Pancreas   3.3E-03±3.9E-04 2.6E-03±1.1E-03 2.3E-03±1.2E-03 3.8E-03±1.0E-03 
Red Marrow  2.4E-04±1.2E-05 2.3E-04±1.4E-05 2.8E-04±1.2E-05 2.6E-04±1.6E-05 
Skin   2.3E-04±1.3E-05 2.1E-04±1.6E-05 2.8E-04±1.2E-05 2.5E-04±1.7E-05 
Spleen   2.5E-03±1.3E-03 2.0E-03±7.3E-04 6.6E-04±3.6E-04 2.4E-03±4.5E-04 
Testes      2.5E-04±1.6E-05 2.2E-04±1.9E-05 3.0E-04±1.3E-05 2.8E-04±1.9E-05 
Thymus    3.1E-04±1.0E-05 3.1E-04±2.1E-05 3.5E-04±1.3E-05 3.1E-04±2.1E-05 
Thyroid    2.7E-04±1.3E-05 2.6E-04±1.7E-05 3.3E-04±1.3E-05 3.0E-04±1.9E-05 
Urinary Bladder 2.8E-04±2.5E-05 2.5E-04±2.4E-05 3.2E-04±1.3E-05 3.3E-04±2.9E-05 
Reminder body 3.5E-04±1.1E-05 3.4E-04±1.2E-05 3.8E-04±1.6E-05 3.5E-04±2.2E-05 
ED (mSv/MBq) 7.3E-04±2.4E-05 7.0E-04±2.3E-05 6.2E-04±5.3E-05 5.0E-04±3.5E-05 
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Table 7. 10: Comparison of dosimetry of [15O] water in PET study; the dose estimates for 
various organs obtained from D-shuttle dosimeter technique were compared to the past 
studies reported by ICRP-106, Brihaye et al., Narayana et al., Deloar et al., and Kearfott et al.     
Source organs Present work ICRP-
106 
Brihaye 
et al.  
Narayan
a et al. 
Deloar 
et al.   
Kearfot
t et al. 
Adrenals  3.6E-04±2.7E-05 1.4E-03 … … 2.2E-04 5.2E-04 
Brain 7.4E-04±2.0E-04 1.3E-03 7.1E-04 1.7E-03 6.8E-04 1.6E-04 
Gallbladder Wall   3.4E-04±3.1E-05 4.5E-04 1.2E-03  … … 
LLI Wall  3.0E-04±3.9E-05 1.6E-03 1.5E-03 8.3E-04 1.2E-04 5.9E-04 
Small Intestine  3.1E-04±3.8E-05 1.3E-03 1.1E-03 1.0E-03 1.4E-04 5.9E-04 
Stomach Wall   3.4E-04±3.3E-05 1.7E-03 1.2E-03 4.9E-04 1.7E-04 5.6E-04 
ULI Wall  3.1E-04±3.7E-05 1.6E-03 1.3E-03 7.40E-04 1.4E-04 5.9E-04 
Heart Wall 7.7E-04±3.5E-04 1.9E-03 6.7E-04 2.66E-03 5.0E-04 5.6E-04 
Kidneys  1.0E-03±2.9E-04 1.7E-03 9.5E-04 2.20E-03 7.9E-04 5.6E-04 
Liver  4.8E-04±9.5E-05 1.6E-03 7.5E-04 9.80E-04 8.2E-04 5.4E-04 
Lungs 2.7E-03±9.1E-04 1.6E-03 5.7E-04 1.02E-03 3.5E-03 … 
Muscle  2.8E-04±3.1E-05 2.9E-04 1.5E-04 …  … 
Pancreas   3.0E-03±1.0E-03 1.4E-03 1.2E-03 … 1.6E-03 5.4E-04 
Red Marrow  2.5E-04±2.4E-05 8.9E-04 1.5E-03 5.30E-04 6.7E-05 3.2E-04 
Skin   2.4E-04±2.9E-05 2.5E-04 1.1E-03 … … … 
Spleen   1.9E-03±1.0E-03 1.6E-03 1.2E-03 … 9.2E-04 5.6E-04 
Testes      2.6E-04±3.6E-05 7.4E-04 1.1E-03 9.70E-04 1.2E-04 5.9E-04 
Thymus    3.2E-04±2.4E-05 3.3E-04 … … 2.3E-04 … 
Thyroid    2.9E-04±3.3E-05 1.5E-03 1.1E-03 1.83E-03 1.8E-04 5.2E-04 
Urinary Bladder 2.9E-04±4.2E-05 2.6E-04 1.2E-03 … 6.0E-04 3.5E-04 
Reminder body 3.6E-04±2.2E-05 4.0E-04 … 4.10E-03 … 5.4E-04 
ED (mSv/MBq) 6.4E-04±9.8E-05 1.1E-03 9.6E-04 1.5E-03 8.7E-04 4.3E-04 
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In this present water study, we estimated the radioactivity at 2-minute interval and created 
the time activity curve for bolus injection of [15O] water from the body surface doses 
measured with D-shuttle dosimeter with MLEM algorithm with dose response from a source 
organ to a D-shuttle dosimeter computed by PHITS Monte Carlo simulation with the aid of 
personalized mathematical phantom. We also estimated the cumulative activities in nine 
source organs (i.e., brain, heart, lung, liver, kidney pancreas, spleen, urinary bladder and 
reminder body) and whole body for four subjects, and further, personalized internal absorbed 
dose estimates were done in accordance with the MIRD methodology using Olinda/exam 
code. Personalized effective dose was also calculated according to ICRP-103.   
This study is the first clinical trial in nuclear medicine to directly draw the time-activity curve 
(TAC) without using dynamic PET imaging data. Figure 7.7 shows the time activity curve (decay 
corrected) of nine source organs for bolus injection of [15O] water in PET study. This time 
activity curve was created based on every 2 minutes’ body surface dose data measured by D-
shuttle dosimeters. The highest and lowest activity concentration were obtained in spleen 
and urinary bladder.  
Table 7.7 shows the cumulative activities of nine source organs and whole body for all subjects 
for multiple bolus injection [15O] water. The highest accumulation organs for subject 2 to 
subject 3 are the reminder body, lung, brain, liver whereas for subject-1, those organs are the 
reminder body, lung, liver and brain, in descending order. For subject 1 to subject 4, the next 
high-accumulation organs are spleen, pancreas, kidney and heart, whereas for subject 2 those 
organs are heart, spleen, pancreas and kidney and for subject 3 those organs are pancreas 
heart kidney and spleen, in descending order. The urinary bladder is the lowest accumulation 
organ for all subjects. Table 7.8 demonstrates the comparison of estimated cumulative 
activities in several organs between our study and previous studies reported. ICRP-106, 
Brihaye et al. and Narayan et al. have reported the internal dosimetry for bolus injection of 
[15O] water, and Deloar et al. and Kearfott et al. have reported the internal dosimetry for 
inhalation of [15O] carbon dioxide gas. In this comparative study, our result for cumulative 
activity of brain is 1.93 kBq.h/MBq which is in between the values of 1.67 and 2.34 kBq.h/MBq 
reported by Brihaye et al. and Deloar et al., respectively. Our estimated cumulative activity of 
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heart, kidney, liver, lung, spleen and reminder body are very close to Kearfott et al., Brihaye 
et al. kearfot et al. Deloar et al, ICRP-106 and Narayana et al, respectively. The cumulative 
activity of pancreas is 0.611 kBq.h/MBq which is almost 2 times higher than the reported 
result of ICRP-106. The lowest cumulative activity was obtained in our study. Our estimated 
cumulative activity in specific source organ overall showed a very good agreement with the 
previous reported studies, considering the large dispersion of the previous results.       
A comparison of the absorbed dose estimates to various organs is shown in Table 7.10 
between our present study and the previous reported study by by ICRP-106, Brihaye et al., 
Narayana et al., Deloar et al., and Kearfott et al. In our present study, the pancreas and spleen 
were received the highest absorbed dose compare to the previous studies. The pancreas is a 
very small organ and lies between liver and spleen. Hence, the pancreas receives the dose 
from those organs in additional to its own dose, which contributes to the higher total dose. 
The absorbed doses for other target organs considered as nonsource organs were estimated 
from the cumulative activity of the reminder of the body, considering their mass proportion. 
The estimated absorbed doses to those organs are relatively lower compare to the absorbed 
doses of 9 source organs. The doses of those organs agree with the ICRP 106 and other 
authors reported values within 1 to 3 times.  
The effective doses from multiple injections of [15O] water for subject 1, subject-2, subject-3 
and subject-4 are 7.3E-04±2.4E-05, 7.0E-04±2.3E-05, 6.2E-04±5.3E-05 and 5.0E-04±3.5E-05 
mSv/MBq, respectively (See table 7.9). The average effective dose of the subjects is 6.4E-
04±9.8E-05 mSv/MBq (See table 7.10). Table 7.5 shows the injected activity of the tracer [15O] 
water for all subjects. This table shows that 20 injections of 1.913 GBq, 24 injections of 2.263 
GBq, 24 injections of 2.277 GBq and 25 injections of 2.338 GBq for subject 1 to subject 4 would 
result in a total effective dose of 14.0 mSv, 15.8 mSv, 14.4 mSv, and 11.7 mSv, respectively. 
The total average effective dose for four subjects is 14.0 mSv. The value of those total 
effective doses are below the accepted guideline (i.e, ICRP 53 and Huda et al.) values for 
normal volanteers of 50mSv per year. As Narayana et al., Brihaye et al., Deloar et al. and 
Kearfott et al. reported the effective dose equivalent instead of effective dose, we calculated 
the effective doses of those studies using tissue weighting factor in accordance with ICRP-103 
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(See table 7.10). The average effective dose in our study was comparable to the effective dose 
reported by ICRP-106, Narayana et al., kearfott et al., Brihaye etal. and Deloar et al.       
We moddled the personalized mathematical phantom for all four subjects in the PHITS Monte 
Carlo simulation as shown in Figure 7.5. The outer dimensions of those personalized 
mathematical phantoms including height and weight were same as the measured value of the 
specified subjects as shown in Table 7.6. But we did not perform any kind of imaging 
examination such as CT and MRI to determine the geometry of internal organs. We used the 
same geometry of internal organs reported in the Cristy et al. for the model of Japanese 
reference phantom (See chapter 6). Therefore, the D-shuttle dosimeter positioning on the 
subject body surface may lead to inaccuracies in the estimated internal radiation dosimetry 




Personalized internal radiation dosimetry was successfully estimated through the D-shuttle 
dosimeter technique for bolus injection of [15O] water in this PET clinical study. Our results of 
cumulative activity, absorbed dose and effective dose were comparable with the ICRP and 
other past studies. More realistic internal dosimetry might be achieved if we use the proper 

















Overall Conclusions and Future Directions  
 
The radioisotopes have long been indispensable in nuclear medicine technology, although 
ionizing radiation has sufficient energy to affect the atoms in living cells and poses a health 
risk of the patient. There are two effects from the radiation exposure short-term effect and 
long-term effect. Generally, there will be no short-term effects from the radiation exposure 
of properly performed radiological examinations. Therefore, it is important to assess the 
potential for long-term effects for whole body of a patient that might occur in the future. So 
far, no personalized internal radiation dose has been routinely evaluated in diagnostic nuclear 
medicine due to the limitations of the conventional methods, time consuming, patient 
uncomfortable, and personalized human model and its organs shape are not available. 
Chapter-1 provides an overview of the radiation effects, the basic principle of PET imaging 
technology, the existing methodologies for estimating internal radiation dosimetry in nuclear 
medicine. The motivation and structure of the thesis are also explained in this chapter. 
 
 An internal radiation dosimetric study is necessary to ensure the safe use of PET 
technology and to protect the patient when exposed to ionizing radiation. In this regard, 
Medical Internal Radiation Dose (MIRD), International Commission on Radiological Protection 
(ICRP), International Atomic Energy Agency (IAEA) and European Association of Nuclear 
Medicine (EANM) all have devised several policy statements such as guidelines, 
methodologies, models, safety reports, improved dose regimes, dedicated low dose whole 
body PET protocols etc. Yet, internal radiation doses delivered to the patients from PET 
imaging examinations are still a matter of concern. Conventionally, the radiation dose is not 
personalized that means no consideration of personal information such as age, height, and 
weight. Therefore, we proposed the D-shuttle dosimeter technique as a convenient approach 
for estimating personalized radiation dosimetry in nuclear medicine by means of multiple D-
shuttle dosimeters attached on the body surface of a patient. Radioactivity in a source organ  




can be estimated iteratively using measurements from multiple D-shuttle dosimeters with a 
maximum-likelihood expectation-maximization (MLEM) algorithm with dose response from a 
source to a D-shuttle dosimeter computed by Monte Carlo simulation. Chapter-2 provides the 
detail procedure of our proposed D-shuttle dosimeter technique in nuclear medicine.  
 
Chapter-3 demonstrates the validation study of our proposed technique by estimating 
the radioactivities in the fillable compartments (the torso cavity and six spheres) embedded 
in National Electrical Manufacturers Association (NEMA) body phantom. The MLEM 
algorithmic response associated with the initial guess and the number of iterations are also 
investigated by estimating the cumulative radioactivity in each the fillable compartment 
through D-shuttle dosimeter technique. The fillable compartments of the phantom were filled 
with 18F-FDG mixed with pure water using an 800:1 sphere-to-background radioactivity 
concentration ratio. The initial radioactivities of the torso cavity and six spheres (treated as 
source organs) were 15.9 MBq (torso cavity), 34.7 MBq (37 mm sphere), 15.1 MBq (28 mm 
sphere), 7.27 MBq (22 mm sphere), 3.26 MBq (17 mm sphere), 1.54 MBq (13 mm sphere), 
and 0.697 MBq (10 mm sphere). Eleven D-shuttle dosimeters were attached to the NEMA 
body phantom surface to obtain information on body surface dose and a mathematical NEMA 
body phantom has been modeled in the Heavy Ion Transport Code System (PHITS) Monte 
Carlo simulation code. Radioactivity was estimated in 2 min intervals over a 110-min total 
dose time using our proposed D-shuttle dosimeter technique. A significant correlation (R2 = 
0.992) was found between actual radioactivity and estimated radioactivity at every 2 min 
interval for each source organ. The estimated initial radioactivity (mean with standard 
deviation) was 16.5 ± 0.311 MBq (torso cavity), 33.0 ± 0.624 MBq (37 mm sphere), 15.7 ± 
0.189 MBq (28 mm sphere), 7.11 ± 0.738 MBq (22 mm sphere), 4.17 ± 0.083 MBq (17 mm 
sphere), 1.48 ± 0.469 MBq (13 mm sphere), and 0.865 ± 0.313 MBq (10 mm sphere), which 
were very close to the actual initial radioactivity measurements for each source organ. The 
phantom study showed that our technique worked successfully.  
 
In order to bring the D-shuttle dosimeter technique into clinical usage, it is of great 
importance to compare the performance of this technique with any other existing technique 
in PET study. Chapter-4 describes the comparison of the internal dosimetry estimates (i.e., 




cumulative radioactivity, absorbed dose and effective dose) obtained from whole body 
dynamic PET imaging technique and D-shuttle dosimeter technique. After preparing the 
NEMA body phantom with 18F-FDG solution which was described in chapter 3, the phantom 
was then placed over patient’s bed and imaged for one hour. The PET image analysis was 
performed using a medical image data examiner (AMIDE 1.0.4). Three-dimensional volumes 
of interest (VOI) of each source organ were hand-drawn on the PET transaxial or coronal slices 
of the emission frame to obtain the radioactivity concentration in each source organ. 
Cumulative radioactivities in the torso cavity and six spheres of NEMA body phantom were 
estimated separately through whole body dynamic PET imaging technique and D-shuttle 
dosimeter technique using the estimated radioactivity concentrations obtained from PET 
images and the estimated radioactivities in 2 min intervals obtained from 1 hour measured 
D-shuttle dosimeter dose data, respectively. The absorbed dose estimates to the torso cavity 
and six spheres of NEMA body phantom were calculated in accordance with the MIRD 
computational methodology. Effective dose also calculated according to ICRP-103. The ratios 
of absorbed doses obtained from D-shuttle and PET measurement against actual were in 
between 0.9 to 1.3 and 0.7 to 1.0, respectively. The estimated internal radiation doses by D-
shuttle dosimeter technique and whole-body dynamic PET imaging technique were close to 
the actual (true) values but in different manner. The latter showed underestimation due to 
partial volume effect, while the former showed no bias due to partial volume effect but larger 
error. 
 
Internal radiation dose assessment by D-shuttle dosimeter technique depends on the 
model of human body and its organs and D-shuttle dosimeter positioning on the human body 
against source organs. To compute R-value at each D-shuttle dosimeter position by Monte 
Carlo simulation, we need to determine the accurate positions of the D-shuttle dosimeters 
and the positions of specified internal organs of the patient. To apply the D-shuttle dosimeter 
technique in the clinical PET study, we must take into account of the mis-locations of D-shuttle 
dosimeter positions. Although we will consider personal outfit of figure for each patient, the 
mis-positioning the D-shuttle will not be avoidable if CT or MRI procedures are not available. 
Chapter-5 focuses the errors associated with the D-shuttle dosimeter positioning on the 




NEMA body phantom. Bias in average cumulative radioactivities and effective doses were 
estimated by assuming the mis-located positions of a partial or all D-shuttle dosimeters 
instead of the original positions on the surface of NEMA body phantom. In the validation study 
of D-shuttle dosimeter technique (chapter 3), we determined the original positions of all 
eleven D-shuttle dosimeters carefully in Cartesian co-ordinates against the source organ. In 
the current study, we determined the mis-located positions of D-shuttle dosimeters by 
shifting them at Z direction (upper) in a range of 1 to 5 cm from the original positions. The 
cumulative radioactivity, absorbed doses and effective dose were then estimated through D-
shuttle dosimeter technique for accurate and inaccurate positions of D-shuttle dosimeters. 
The maximum bias of the average estimated cumulated radioactivity in each compartment 
and the effective doses were -49.0 % and -71.3 % for the 5 cm shifted positions of all eleven 
D-shuttle dosimeters, respectively. The bias associated with the D-shuttle dosimeter positions 
were significant and probably reasonable in this phantom study. The error evaluation study 
showed that the 1 cm and 2 cm mis-location of D-shuttle dosimeters attached to the NEMA 
body surface from the original positions introduced an error of the effective doses of -19.7% 
to 2.70% and -35.8% to 4.90%, respectively, which suggests error due to the 2 cm mis-location 
of the D-shuttle dosimeter may be in acceptable range.  
 
A personalized phantom is necessary for estimating realistic internal dosimetry in PET 
study. Personalized mathematical phantom can be developed by redesigning the regional 
reference phantom by modifying the equations of the outer body and the internal organs if 
CT or MRI procedures are not available. Chapter-6 demonstrates the construction of the 
Japanese Reference Adult phantom in the Particle and Heavy Ion Transport Code System 
(PHITS) Monte Carlo code. 
 
The validation study, comparison study and error evaluation study showed good 
performance to bring this technique into clinical application. Chapter-7 focuses the clinical 
application of D-shuttle dosimeter technique in PET study through estimating the 
personalized internal radiation doses for 15O water. Four normal Japanese volunteers have 
been enrolled in various sessions of 15O-water study; each subject was participated in total 




three sessions. All four subjects were males over the age of 20 to 24 years, with a weight 52.4 
to 64.1 kg and a height of 170.6 to 177.8 cm. Clinical study protocols were approved by the 
Ethics committee for Clinical Radioisotope Research of the Tohoku University. When the 
subject laid on the patient bed, fifteen D-shuttle dosimeters were placed on the subject’s 
body surface to obtain the body surface doses during the PET study. D-shuttle dosimeter 
positioning on the subject body surface were determined in Cartesian coordinates. The tracer 
O-15 labeled water was injected intravenously in the brachial vein of the right arm of the 
subject via an automatic injector. We performed 60 second PET scan acquisition starting at 
the time of each injection. The injected activity range in each session was 66.3 to 114.5 MBq. 
We measured the outer body dimensions of all human subjects before the PET scan started 
and used to model the personalized mathematical phantom in the PHITS Monte Carlo code. 
In this study, nine organs were selected as source organs, i.e. the brain, lungs, heart, liver, 
kidneys, pancreas, spleen, urinary bladder and reminder the body. The radioactivity at 2 
minute’ interval in each source organ for each subject was estimated using MLEM algorithm 
based on body surface doses as measured by D-shuttle dosimeters and the R-values at D-
shuttle dosimeter positions obtained by PHITS simulation. The time activity curve (TAC) for 
nine source organs for [15O] water was drown using the estimated radioactivity at 2 minutes’ 
interval. The cumulative activities in nine source organs and whole body for each subject were 
estimated through the D-shuttle dosimeter technique. Absorbed doses in 21 target organs 
were computed according to MIRD methodology with Olinda/exam code. Effective dose for 
each subject was calculated in accordance with ICRP-103. The estimated cumulative activities, 
absorbed doses and effective dose gave good agreement with the values reported by ICRP-
106 and other authors. The effective doses from multiple injections of [15O] water for subject 
1 to subject-4 were 7.3E-04±2.4E-05, 7.0E-04±2.3E-05, 6.2E-04±5.3E-05 and 5.0E-04±3.5E-05 
mSv/MBq, respectively. The average effective dose of the subjects was 6.4E-04±9.8E-05 
mSv/MBq. Personalized internal radiation dosimetry was successfully estimated through the 
D-shuttle dosimeter technique for bolus injection of [15O] water in this PET clinical study. This 
study is the first clinical trial in nuclear medicine to directly draw the time-activity curve (TAC) 
without using dynamic PET imaging data. Finally, the clinical PET study showed that D-shuttle 




dosimeter technique is capable to estimate the personalized internal radiation dosimetry 
successfully.  
 
This method may also be useful for other nuclear imaging modalities, such as single 
photon emission computed tomography (SPECT), planer scintigraphy etc., which need further 
investigations. D-shuttle dosimeter technique is less expensive, convenient, less time 
consuming, and no burden to patient. Therefore, this technique can be used in the PET clinical 
study routinely. I also expect by the D-shuttle dosimeter technique; the speed of a new drug 
production will be accelerated because we don’t have to conduct many studies to investigate 
bio-distribution of rodents. The future work of this project involves the personalized internal 




























[1]  Cherry S-R, Gambhir S-S. Use of positron emission tomography in animal research. ILAR 
journal. 2001; 42 (3): 219-232. 
 
[2] Howell R.W, Wessels B.W, Loevinger R. The MIRD Perspective 1999. J Nucl Med. 1999; 
40:3S-10S.   
 
[3] Ellett WH, Callahan AB. Brownell GL. Gamma-ray dosimetry of internal emitters. I. Monte 
Carlo calculations of absorbed dose from point sources. Br J Radiol 1964;37: 45-52. 
 
[4] Ellett WH. Callahan AB, Brownell GL. Gamma-ray dosimetry of internal emitters. II. Monte 
Carlo calculations of absorbed dose from uniform sources. Br J Radiol 1965:38:541-544. 
 
[5] Weber DA, Eckerman KF. Dillman LT. Ryman JC. MIRD: radionuclide data and decay 
schemes. New York: Society of Nuclear Medicine; 1989. 
 
[6] Zaidi H. Monte Carlo techniques in diagnostic and therapeutic nuclear medicine. IAEA-
CN-96-65. Pages: 29-44. 
 
[7] Zaidi H, Xu X.G. Computational Anthropomorphic Models of the Human Anatomy: The 
Path to Realistic Monte Carlo Modeling in Radiological Sciences. Annu. Rev. Biomed. 
Eng. 2007. 9:471–50.    
 
[8] Souza R D, Begalli M, Maria G et al. OBJECT ORIENTED DESIGN OF ANTHROPOMORPHIC 
PHANTOMS AND GEANT4-BASED IMPLEMENTATIONS.  
 
[9] International Conference on Mathematics, Computational Methods & Reactor Physics 







[10] Bolch WE, Eckerman KF, Sgouros G, Thomas SR. MIRD Pamphlet No. 21: A Generalized 
Schema for Radiopharmaceutical Dosimetry-Standardization of Nomenclature. J Nucl 
Med. 2009; 50:477-484.  
 
[11] International Commission on Radiological Protection. ICRP 106 Publication. Radiation 
Dose to Patients from Radiopharmaceuticals. Ann ICRP. 2007;38(1-2):21-24.  
 
[12] Brix, G. Dondi, M. Malone, J. Mantil, J. O’Reilly, G. Rehani, M.M. Relan, N. Shortt, K. 
Thompson, W. Townsend, D. Yonekura Y. Radiation Protection in Newer Medical Imaging 
Techniques:IAEA SAFETY RELATED PUBLICATIONS. IAEA Nucl Secur Ser. 2008:1-41. 
 
[13] de Groot EH, Post N, Boellaard R, Wagenaar NRL, Willemsen ATM, van Dalen JA. 
Optimized dose regimen for whole-body FDG-PET imaging. EJNMMI Res. 2013;3(1):1-11.  
 
[14] Kaushik A, Jaimini A, Tripathi M, et al. Estimation of radiation dose to patients from 
18FDG whole body PET/CT investigations using dynamic PET scan protocol. Indian J Med 
Res. 2015; 142:pp 721-731.  
 
[15] Xie T, Bolch WE, Lee C, Zaidi H. Pediatric radiation dosimetry for positron-emitting 
radionuclides using anthropomorphic phantoms. Med Phys. 2013;40(10).  
 
[16] Quinn B, Dauer Z, Pandit-Taskar N, Schoder H, Dauer LT. Radiation dosimetry of 18F-
FDG PET/CT: incorporating exam-specific parameters in dose estimates. BMC Med 
Imaging. 2016; 16:41.  
 
[17]  Xie T, Zaidi H. Development of computational pregnant female and fetus models and 
assessment of radiation dose from positron-emitting tracers. Eur J Nucl Med Mol Imaging. 
2016; 43:2290–2300. 
 
[18]  Yamaguchi Y, Sasaki T, Onishi S, Baba M. Basic study on the estimation of medical 






[19] Matsumoto M, Nakamura T, Watabe H, Itoh M, Hatazawa J. Estimation of organ 
biodistribution and absorbed dose from external measurement with TLDs in PET studies. 
Med Biol Eng Comput. 1993; 31:151–156.   
 
[20]  Snyder WS, Ford RM, Warner GG. MIRD, Pamphlet no. 5, revised: estimates of specific 
absorbed fractions for photon sources uniformly distributed in various organs of a 
heterogeneous phantom. J Nucl Med. 1978; 40:1–67.  
 
[21] Cristy M. Mathematical phantoms representing children of various ages for use in 
estimates of internal dose. Oak Ridge Natl Lab; 1980. Report no.:ORNL/NUREG/TM-367. 
 
[22] Stabin MG. MIRDOSE: personal computer software for internal dose assessment in 
nuclear medicine. J Nucl Med. 1996; 37:538–546. 
 
[23] Stabin MG, Sparks RB, Crowe E. OLINDA/EXM: the second-generation personal 
computer software for internal dose assessment in nuclear medicine. J Nucl Med. 2005; 
46:1023–1027. 
 
[24] Visser E, Postema E, Boerman O, Visschers J, Oyen W, Corstens F. Software package 
for integrated data processing for internal dose assessment in nuclear medicine (SPRIND). 
Eur J Nucl Med Mol Imaging. 2007; 34:413–421. 
 
[25] Mirzaei S, Sohlberg A, Knoll P, Zakavi R, Diemling M. Easy-to-use online software 
package for internal dose assessment after radionuclide treatment in clinical routine. Clin 
Nucl Med. 2013; 38:686–690. 
 
[26] Toyohara J, Sakata M, Hatano K, et al. Preclinical and first-in-man studies of 
[11C]CB184 for imaging the 18-kDa translocator protein by positron emission tomography. 






[27] Liu S, Vorobyova I, Park R, Conti PS. Biodistribution and radiation dosimetry of the 
integrin marker 64Cu-BaBaSar-RGD2 determined from whole-body PET/CT in a non-
human primate. Front Phys. 2017; 5:1–8. Article 54. 
 
[28] Zhou X, Elsinga PH, Khanapur S, Dierckx RAJO, de Vries EFJ, de Jong JR. Radiation 
dosimetry of a novel adenosine A2A receptor radioligand [11C]preladenant based on 
PET/CT imaging and ex vivo biodistribution in rats. Mol Imaging Biol. 2017; 19:289–297. 
 
[29] Sakata M, Oda K, Toyohara J, Ishii K, Nariai T, Ishiwata K. Direct comparison of 
radiation dosimetry of six PET tracers using human whole body imaging and murine 
biodistribution studies. Ann Nucl Med. 2013; 27:285–296. 
 
[30] Kirschner AS, Ice RD, Beierwaltes WH. Radiation dosimetry of 131I-19-iodocholesterol: 
the pitfalls of using tissue concentration data—reply. J Nucl Med. 1975; 16:248–249. 
 
[31] McParland BJ. Nuclear medicine radiation dosimetry. In: The Biodistribution I—
Preclinical. Berlin: Springer; 2010:519–532. 
 
[32] Zanotti-fregonara P, Innis RB. Suggested pathway to assess radiation safety of 11C-
labeled PET tracers for first-in-human studies. Eur J Nucl Med Mol Imaging. 2012; 39:544–
547. 
 
[33] Bretin F, Bahri MA, Bernard C, et al. Biodistribution and radiation dosimetry for the 
novel SV2A radiotracer [18F] UCB-H: first-in-human study. Mol Imaging Biol. 2015; 
17:557–564. 
 
[34] Fueger BJ, Czernin J, Hildebrandt I, et al. Impact of animal handling on the results of 
18F-FDG PET studies in mice. J Nucl Med. 2006; 47:999–1006. 
 
[35] Garg PK, Lokitz SJ, Nazih R, Garg S. Biodistribution and radiation dosimetry of 11 C-






[36] Herrmann K, Lapa C, Wester H-J, et al. Biodistribution and radiation dosimetry for the 
chemokine receptor CXCR4-targeting probe 68Ga-pentixafor. J Nucl Med. 2015; 56:410–
416. 
 
[37] Cropley VL, Fujita M, Musachio JL, et al. Whole-body biodistribution and estimation of 
radiation-absorbed doses of the dopamine D1 receptor radioligand 11C-NNC 112 in 
humans. J Nucl Med. 2006; 47:100–104. 
 
[38] Lu CC, Dong SL, Lin HH, Ni YC, Jan ML, Chuang KS. Noninvasive measurement of 
radiopharmaceutical time-activity data using external thermoluminescent dosimeters 
(TLDs). Phys Med Biol. 2017; 62:N58–N72. 
 
[39] Yamaguchi Y, Togawa O, Honma T. The VADMAP code to calculate the SAF of photon 
– code description and the performance Japan Atomic Energy Research Institute; 1987; 
JAERI Report: M87-186. 
 
[40] McElroy WN, Berg S, Crockett T, Hawkins RG. A computer-automated iterative method 
for neutron flux spectra determination by foil activation. Air Force Weapons Laboratory; 
1967; AFWL-TR-67-41. 
 
[41] Chuang KS, Lu JC, Lin HH, et al. Improvements on a patient-specific dose estimation 
system in nuclear medicine examination. Radiat Prot Dosimetry. 2014; 158:1–7. 
 
[42] Naito W, Uesaka M, Kurosawa T, Kuroda Y. Measuring and assessing individual 
external doses during the rehabilitation phase in litate village after the Fukushima Daiichi 
nuclear power plant accident. J Radiol Prot. 2017; 37:606–622. 
 
[43] Čemusová Z, Ekendahl D, Judas L. Testing of the D-shuttle personal dosemeter. Radiat 






[44] Adachi N, Adamovitch V, Adjovi Y, et al. Measurement and comparison of individual 
external doses of high-school students living in Japan, France, Poland and Belarus - The 
“D-shuttle” project -. J Radiol Prot. 2016; 36:49–66. 
 
[45] Gaitanis A, Kontaxakis G, Spyrou G, Panayiotakis G, Tzanakos G. PET image 
reconstruction: a stopping rule for the MLEM algorithm based on properties of the 
updating coefficients. Comput Med Imaging Graph. 2010; 34:131–141. 
 
[46] Bevelacqua JJ. Health Physics: Radiation-Generating Devices, Characteristics, and 
Hazards. In: Part VII- Appendix D: Internal Dosimetry. Weinheim, Germany: Wiley-VCH 
Verlag GmbH & Co. KGaA; 2016:689–712. 
 
[47] Büermann L, Grosswendt B, Kramer HM, et al. Measurement of the x-ray mass energy-
absorption coefficient of air using 3 keV to 10 keV synchrotron radiation. Phys Med Biol. 
2006; 51:5125–5150. 
 
[48] White DR, Booz J, Griffith RV, Spokas JJ, Wilson IJ. Tissue Substitutes in Radiation 
Dosimetry and Measurement, the International Commission on Radiation Units and 
Measurements (ICRU), Report 44; 1989; os23: pages NP. 
 
[49] Słomski A, Rudy Z, Bednarski T, et al. 3D PET image reconstruction based on the 
maximum likelihood estimation method (MLEM) algorithm. Bio-Algorithms Med-Syst. 
2014; 10:1–7.  
 
[50] Greer K, Perry T. Data Spectrum’s NEMA IEC Body Phantom Set User’s Manual. 
National Electrical Manufacturers Association; 2006. Product ID: PET/IEC-BODY/P, Manual 
Number: PET/IEC-BODY/UM. 
 
[51] Sato T, Iwamoto Y, Hashimoto S, et al. Features of particle and heavy ion transport 






[52] Performance Measurements of Positron Emission Tomographs (PETs), National 
Electrical Manufacturers Association. NEMA Stand Publ; 2001; NU 2. 
 
[53] Deloar HM, Fujiwara T, Shidahara M, Nakamura T, Yamadera A, Itoh M. Internal 
absorbed dose estimation by a TLD method for 18F-FDG and comparison with the dose 
estimates from whole body PET. Phys Med Biol. 1999; 44:595–606. 
 
[54] Watabe H, Ikoma Y, Kimura Y, Naganawa M, Shidahara M. PET kinetic analysis-
compartment model. Ann Nucl Med. 2006; 20:583–588. 
 
[55] Deloar HM, Fujiwara T, Shidahara M, et al. Estimation of absorbed dose for 2-[F-18] 
fluoro-2-deoxy-D-glucose using whole-body positron emission tomography and magnetic 
resonance imaging. Eur J Nucl Med. 1998; 25:565–574. 
 
[56] Cristy M, Eckerman K F. Specific absorbed fractions of energy at various ages from 
internal photon sources. Oak Ridge Natl Lab; 1987. Report no.: ORNL/TM-8381/V1. 
 
[57] Cristy M. Mathematical phantoms for use in reassessment of radiation doses to 
Japanese atom-bomb survivors. Oak Ridge Natl Lab; 1985. Report no.:ORNL/TM-9487. 
 
[58] Kerr G D, Hwang J M, Jones R M. A mathematical model of a phantom developed for 
use in calculations of radiation dose to the body and major internal organs of a Japanese 
adult. Oak Ridge Natl Lab; 1976. Report no.: ORNL/TM-5336. 
 
[59] Grüner J M, Paamand R, Højgaard L, Law I. Brain perfusion CT compared with15O-
H2O-PET in healthy subjects. EJNMMI Research 2011; 1:28.  
 
[60] Park S, Lee JK, Lee C. Development of a Korean adult male computational phantom for 






[61] Chang SJ, Hung SY, Liu YL, Jiang SH. Construction of Taiwanese adult reference 
phantoms for internal dose evaluation. PLoS ONE. 2016; 11:1–14. 
 
[62] Ban N, Takahashi F, Sato K, et al. Development of a web-based CT dose calculator: 
WAZA-ARI. Radiat Prot Dosimetry. 2011; 147:333–337. 
 
[63] Sato T, Niita K, Matsuda N, et al. Overview of the PHITS code and its application to 
medical physics. Prog Nucl Sci Technol. 2014; 4:879–882. 
 
[64] Ohta M, Nakao N, Kuribayashi S, Miyashita T, Shigematsu N, Hayashizaki N. Evaluation 
of radiation exposure in Ir-192 brachytherapy for treatment of keloids. Energy Procedia. 
2017; 131:363–370. 
 
[65] Woo S-K, Watabe H, Choi Y, Kim KM, Park CC, Bloomfield PM. Sinogram-based motion 
correction of PET images using optical motion tracking system and list-mode data 
acquisition. IEEE Trans Nucl Sci. 2004; 51:782–788.  
 
[66] Islam MS, Watanuki S, Tashiro M, Watabe H. Internal radiation dose estimation using 
multiple D-shuttle dosimeters for positron emission tomography (PET): a validation study 
using NEMA body phantom. Medical Physics, October 2018; Volume 45, Issue 10, Pages 
4693-4703. 
 
[67] ICRP publication 106:  Radiation Dose to Patients from Radiopharmaceuticals. Annals 
of the ICRP, 2008; 38: Nos. 1-2.   
 
[68] Brihaye C, Depresseux J-C, Comar D. Radiation dosimetry for bolus administration of 
oxygen -15 water. J Nucl Med. 1995; 36: 651-656. 
 
[69] Narayana S, Hichwa R-D, Ponto L L B, Ponto J A, Watkins G L. Dosimetry of [15O] water: 






[70] Kearfott KJ, Absorbed dose estimates for positron emission tomography (PET): C15O, 
11CO, CO15O. J Nucl Med 1982; 23: 1031-1037.    
 
[71] Deloar H M, Watabe H, Nakamura T, Narita Y, Yamadera A, Fujiwara T, Itoh M. Internal 
dose estimation including the nasal cavity and major airway for continuous inhalation of 
C15O2, 15O2 and C15O using the thermoluminescent dosimeter method. J Nucl Med 1997; 
38: 1603-1613.    
 
[72] ICRP publication 53:  Radiation Dose to Patients from Radiopharmaceuticals. Annals 
of the ICRP, 2008; 38: Nos. 1-2.   
 
[73] W. Huda and J. W. Scrimger. Irradiation of volunteers in nuclear medicine. J. Nucl. Med 
1989; 30: 260-264. 
 
[74] Yilmaz G, Tugrul AB, Demir M, Yasar D, Demir B, Buyuk B. PET / CT Patient Dosage 
Assay. Int J Med Sci Eng. 2013;7(12):791-795. 
 
[75] Berger A. Positron emission tomography. Bmj. 2003;326(7404):1449-1449. 
 
[76] Toohey RE, Stabin MG, Watson EE. The AAPM/RSNA Physics Tutorial for Residents. 
Internal radiation dosimetry: principles and applications. RadioGraphics. 2000;20(2):533-
546.  
 
[77] Garg PK, Lokitz SJ, Nazih R, Garg S. Biodistribution and Radiation Dosimetry of 11 
C-Nicotine from Whole-Body PET Imaging in Humans. J Nucl Med. 2017; 58:473-478.  
 
[78] International Commission on Radiological Protection. ICRP 103 Publication. The 2007 
Recommendations of the International Commission on Radiological Protection. Ann ICRP. 
2007; 37:1-34.          
            






[79] Okazaki M, Inoue Y, Amano M. Development of “‘Eminence STARGATE’” PET/CT 
system. Shimadzu Rev. 2009;65(3-4):203-210.  
 
[80] Loening AM, Gambhir SS. AMIDE: a free software tool for multimodality medical 
image analysis. Mol imaging Off J Soc Mol Imaging. 2003;2(3):131-137. 
 
[81] Ficaro EP, Zanzonico P, Stabin MG, Raff GL et al. Variability in radiation dose 
estimates from nuclear and computed tomography diagnostic imaging. J Nucl Cardiol. 
2009;16(2):331-331. 
 
[82] Australian radiation protection and nuclear safety agency (ARPANSA) Fact Sheet – 
Ionising Radiation and Health, September 2015. 
 
[83] Radiation around us. National Institute of Radiological Sciences (NIRS) Report, 
Government of Japan, May 2013.  
 
[84] Jacob A, Nourafchan L. Radiological Engineering in Brain Dysfunction Imaging 
Processes and Neuro Informatics. J Nucl Med Radiat Ther 2013, 4(3):1-5. 
 
[85] The electronic text book developed by students enrolled in MDSC 689.01 at The 
University of Calgary in Fall Terms over 2013-15. 
http://199.116.233.101/index.php/Comparison_of_PET_and_SPECT 
 
[86] Program history, ORNL. https://www.ornl.gov/crpk/program-history 
 
[87] Yi C, Yu D, Shi X, He Q, Zhang X. Biodistribution and estimation of radiation-









Islam MS, Watanuki S, Tashiro M, Watabe H. Internal radiation dose estimation using multiple 
D-shuttle dosimeters for positron emission tomography (PET): a validation study using NEMA 
body phantom. Medical Physics, October 2018; Volume 45, Issue 10, Pages 4693-4703. 
https://doi.org/10.1002/mp.13124 
 
Islam MS, Watanuki S, Tashiro M, Watabe H. Error evaluation of the D-shuttle dosimeter 
technique in positron emission tomography study. Radiological Physics and Technology, 
August 2019; pages1-11. https://doi.org/10.1007/s12194-019-00530-w 
 
Conference proceedings  
 
Islam MS, Watanuki S, Watabe H. Personalized Internal Radiation Dose Estimation using D-
shuttle in Nuclear Medicine. The 13th International Workshop on Ionizing Radiation 
Monitoring proceedings, Page: 58 
 
International Conference & Seminar 
 
Oral Presentations  
 
Islam MS, Watanuki S, Tashiro M, Watabe H. Internal radiation dose estimation from whole-
body PET imaging and D-shuttle dosimeter technique: A Comparison of two dosimetric 








Islam MS, Watanuki S, Watabe H. Personalized Internal Radiation Dose Estimation using D-
shuttle in Nuclear Medicine. The 13th International Workshop on Ionizing Radiation 
Monitoring, December 2-3, 2017, Oarai, JAPAN. 
 
Islam MS, Watabe H. Personalized Internal Radiation Dose Estimation using D-shuttle in 
Nuclear Medicine. Hirosaki Seminar, October 2017, Hirosaki University, Aomori, JAPAN. 
 
Poster Presentations  
 
Islam MS, Watanuki S, Watabe H. Personalized Internal Radiation Dose Estimation using D-
shuttle in Nuclear Medicine. The 13th International Workshop on Ionizing Radiation 




Akita Seminar, September 2016, Akita Prefectural Cerebral Blood Vessel Research Center, 
Akita, JAPAN.   
 

















A surface section for defining the mathematical NEMA body 
phantom. 
101 cz 70 
102 sq 1 1 0 0 0 0 -216.09 0 0 0 $ Torso-contents 
11 px -7 
12 px 7 
21 py 0.0 
22 pz 15.45 
31 sq 1 1 0 0 0 0 -59.29 -7 0 0  
32 sq 1 1 0 0 0 0 -59.29 7 0 0  
33 sq 1 1 0 0 0 0 -64 -7 0 0  
34 sq 1 1 0 0 0 0 -64 7 0 0 
42 py 8  
$43 rpp -7 7 0 7.7 1.2 20.6 
44 rpp -7 7 0 8 0 1.2 
45 rpp -7 7 0 8 20.6 21.8 
46 sq 1 1 0 0 0 0 -82.81 0 -3.5 0 $ top lid 
47 py 7.7 
48 px 0 
103 sq 1 1 0 0 0 0 -225 0 0 0 $Torso Wall 
53 sq 1 1 1 0 0 0 -3.4225 -5.72 -3.5 13.5 $Sphere(d=3.7) 
54 sq 1 1 1 0 0 0 -3.8025 -5.72 -3.5 13.5 $Sphere(d=3.7) Wall 
55 sq 1 1 1 0 0 0 -0.7225 5.72 -3.5 13.5 $Sphere(d=1.7) 
56 sq 1 1 1 0 0 0 -0.9025 5.72 -3.5 13.5 $Sphere(d=1.7) Wall 
57 sq 1 1 1 0 0 0 -1.21 2.86 -8.45 13.5 $Sphere(d=2.2) 
58 sq 1 1 1 0 0 0 -1.44 2.86 -8.45 13.5 $Sphere(d=2.2) Wall 






60 sq 1 1 1 0 0 0 -0.5625 2.86 1.45 13.5 $Sphere(d=1.3) Wall 
61 sq 1 1 1 0 0 0 -1.96 -2.86 -8.45 13.5 $Sphere(d=2.8) 
62 sq 1 1 1 0 0 0 -2.25 -2.86 -8.45 13.5 $Sphere(d=2.8) Wall 
63 sq 1 1 1 0 0 0 -0.25 -2.86 1.45 13.5 $Sphere(d=1.0) 
64 sq 1 1 1 0 0 0 -0.36 -2.86 1.45 13.5 $Sphere(d=1.0) Wall 
4 pz 0.0 
51 pz 1.2  
52 pz 20.6 
7 pz 21.8 
10 pz 22.6 
8 py 7.7 




Material section and material name color section of PHITS 
input for defining the composite material of the NEMA body 
phantom and color definition for graphical plots.  
 
[ M a t e r i a l] 
 
Mat [1] 1000 -0.1111 
         8000 -0.8889  
$ Water density 1.0 g/cm3  
Mat [2]     1000 -0.5333 
           7000 -0.3333 
           8000 -0.1334  
$ Polymethylmethacrylate(PMMA); density 1.19 g/cm3   
Mat [3] 14000 -46.7435E-2 
       8000 -53.2565E-2 
$ Silica Glass(SiO2); density 2.65 g/cm3  
                                                      






[ Mat Name Color] 
 
Mat  name      size   color 
0  void      1   lightgray 
1   Torso Cavity (Water) 1   yellow 
2  PMMA     1   blue 




Input file for 3D view of NEMA body phantom in PHITS 
 
[P a r a m e t e r s] 
 
Icntl = 11  # (D=0) 3: ECH 5: NOR 6:SRC 7,8: GSH 11: 
DSH 12:   DUMP 
Maxcas = 10  # (D=10) number of particles per one batch 
Maxbch = 10  # (D=10) number of batches 
Itall = 1  # options for tally output after every 
batch 
emin (14)  = 0.06 # cut-off energy of photon (MeV) 
dmax (14)  = 0.7 # max energy of photon 
file (6) = phits_3D-View.out #(D=phits.out) general output 
file name  
 
[ T - 3Dshow] 
 
Title  = [t-3dshow: icnt = 11] 
File  = 3DNEMAPhantom.out  # file name of output 







y0  = 0.000000        # (D=0.0) y-coordinate of the 
origin 
z0  = 0.000000        # (D=0.0) z-coordinate of the 
origin 
e-the  = 75.0000         # (D=80.0) eye point 
theta(degree) from z-axis 
e-phi  = 270.0000        # (D=140.0) eye point 
phi(degree) from z-axis 
l-the  = 40.0000        # (D=e-the) light point 
theta from z-axis 
l-phi  = 310.00000       # (D=e-phi) light point phi 
from z-axis 
w-wdt  = 50.0000        # (D=100) width of window 
(cm) 
w-hgt  = 50.00000        # (D=100) height of window 
(cm) 
w-dst  = 50.00000        # (D=200) window distance 
from origin 
w-mnw  = 50             # (D=100) mesh number of 
window width 
w-mnh  = 50             # (D=100) mesh number of 
window height 
heaven = z             # (D=y) direction to heaven 
w-ang  = 0.000000        # (D=0.0) angle of frame 
(degree) 
bright = 1.0000000       # (D=0.8) top brightness 
dark  = 0.2000000       # (D=0.2) bottom darkness 
resol  = 20            # (D=1) resolution of 
3dshow 
width  = 0.1000000 # (D=0.5) width of lines for 3dshow 
r-out  = 50000.00        # (D=50000) radius of outer 
sphere 






output = 3             # (D=3) 0: draft, 1: line, 2: 
col, 3: line+col 
line   = 0             # (D=0) 0: surface + mat, 
1: +region 
shadow = 1             # (D=0) 0:no, 1: shadow 





Lateral view of NEMA body phantom in PHITS 
 
Input file for lateral view of NEMA body phantom in PHITS 
 
[P a r a m e t e r s] 
 
Icntl = 7   # (D=0) 3: ECH 5: NOR 6:SRC 7,8: GSH 
11: DSH 12:   DUMP 
Maxcas = 500  # (D=10) number of particles per one 
batch 
Maxbch = 1  # (D=10) number of batches 
Itall = 1   # options for tally output after 
every batch 
emin (14)  = 0.06 # cut-off energy of photon (MeV) 
dmax (14)  = 0.7  # max energy of photon 
file (6) = phits_LateralView.out #(D=phits.out) general 
output file name  
 
[ T - Gshow] 
 
Mesh  = xyz  # mesh type is xyz scoring mesh 






y-type    = 2   # y-mesh is linear given by ymin, ymax and 
ny 
ny   = 200       # number of z-mesh points 
ymin  = -20.  # minimum value of y-mesh points 
ymax  = 20.      # maximum value of y-mesh points 
z-type  = 1  # z-mesh is given by the below data 
nz  = 1  # number of z-mesh points 
      -1 28 
x-type = 2   # x-mesh is linear given by xmin, xmax and 
nx 
nx  = 200  # number of x-mesh points 
xmin  = -25  # minimum value of x-mesh points 
xmax  = 25  # maximum value of x-mesh points 
axis  = xy  # axis of output 
output = 8   
file  = Lateral-View.dat 
epsout = 1 




Source sections in PHITS input files for defining the torso 





Source section for 10 mm sphere of the NEMA body phantom 
 
s-type =   100  # user definition source 
x0=-3.36    # minimum position of x-axis [cm] 
x1=-2.36    # maximum position of x-axis [cm] 






y1=1.95       # maximum position of y-axis [cm] 
z0=13            # minimum position of z-axis [cm] 
z1= 14          # maximum position of z-axis [cm] 
sx=0    # (D=0) x-component of spin  
sy=1    # (D=0) y-component of spin 
sz=0    # (D=0) z-component of spin 
dir = all           # z-direction of beam [cosine] 
proj = photon      # kind of incident particle          
e0 =   0.511        # energy of beam [MeV/u] 
ntmax=1000   # maximum re-try number when reg is 
specified 




Source section for 13 mm sphere of the NEMA body phantom: 
 
s-type =   100  # user definition source 
x0=2.21         # minimum position of x-axis [cm] 
x1=3.51    # maximum position of x-axis [cm] 
y0=0.8       # minimum position of y-axis [cm] 
y1=2.1       # maximum position of y-axis [cm] 
z0=12.85            # minimum position of z-axis [cm] 
z1=14.15          # maximum position of z-axis [cm] 
sx=0    # (D=0) x-component of spin  
sy=1    # (D=0) y-component of spin 
sz=0    # (D=0) z-component of spin 
dir = all           # z-direction of beam [cosine] 
proj = photon       # kind of incident particle          
e0 =   0.511        # energy of beam [MeV/u] 
ntmax=1000   # maximum re-try number when reg is 
specified 








Source section for 17 mm sphere of the NEMA body phantom: 
 
s-type =  100   # user definition source 
x0= 4.87     # minimum position of x-axis [cm] 
x1= 6.57    # maximum position of x-axis [cm] 
y0=-4.35       # minimum position of y-axis [cm] 
y1=-2.65   # maximum position of y-axis [cm] 
z0=12.65            # minimum position of z-axis [cm] 
z1=14.35          # maximum position of z-axis [cm] 
sx=0     # (D=0) x-component of spin  
sy=1     # (D=0) y-component of spin 
sz=0     # (D=0) z-component of spin 
dir = all             # z-direction of beam [cosine] 
proj = photon         # kind of incident particle          
e0 =   0.511          # energy of beam [MeV/u] 
ntmax=1000   # maximum re-try number when reg is 
specified 
reg=4            #17 mm Sphere    
[source-4] 
 
Source section for 22 mm sphere of the NEMA body phantom: 
 
s-type= 100  # user definition source 
x0 = 1.76   # minimum position of x-axis [cm] 
x1 = 3.96  # maximum position of x-axis [cm] 
y0 = -9.55      # minimum position of y-axis [cm] 
y1 = -7.35   # maximum position of y-axis [cm] 
z0 = 12.4         # minimum position of z-axis [cm] 
z1 = 14.6         # maximum position of z-axis [cm] 
sx = 0    # (D=0) x-component of spin  






sz = 0    # (D=0) z-component of spin 
dir = all          # z-direction of beam [cosine] 
proj = photon       # kind of incident particle          
e0 = 0.511        # energy of beam [MeV/u] 
ntmax = 1000  # maximum re-try number when reg is 
specified 




Source section for 28 mm sphere of the NEMA body phantom:                                             
 
s-type= 100  # user definition source 
x0 = -4.26   # minimum position of x-axis [cm] 
x1 = -1.46  # maximum position of x-axis [cm] 
y0 = -9.85      # minimum position of y-axis [cm] 
y1 = -7.05   # maximum position of y-axis [cm] 
z0 = 12.1         # minimum position of z-axis [cm] 
z1 = 14.9         # maximum position of z-axis [cm] 
sx = 0    # (D=0) x-component of spin  
sy = 1    # (D=0) y-component of spin 
sz = 0    # (D=0) z-component of spin 
dir = all          # z-direction of beam [cosine] 
proj = photon       # kind of incident particle          
e0 = 0.511        # energy of beam [MeV/u] 
ntmax = 1000  # maximum re-try number when reg is 
specified 








Source section for 37 mm sphere of the NEMA body phantom: 
 
s-type =   100   # user definition source 
x0=-7.57     # minimum position of x-axis [cm] 
x1=-3.87    # maximum position of x-axis [cm] 
y0=-5.35       # minimum position of y-axis [cm] 
y1=-1.65    # maximum position of y-axis [cm] 
z0=11.65            # minimum position of z-axis [cm] 
z1=15.35          # maximum position of z-axis [cm] 
sx=0     # (D=0) x-component of spin  
sy=1     # (D=0) y-component of spin 
sz=0     # (D=0) z-component of spin 
dir = all            # z-direction of beam [cosine] 
proj = photon        # kind of incident particle          
e0 =   0.511          # energy of beam [MeV/u] 
ntmax=1000   # maximum re-try number when reg is 
specified 




Source section for the torso cavity of the NEMA body phantom:      
 
s-type = 100    # user definition source 
x0= -14.7     # minimum position of x-axis [cm] 
x1= 14.7    # maximum position of x-axis [cm] 
y0= -14.7       # minimum position of y-axis [cm] 
y1= 7.7   # maximum position of y-axis [cm] 
z0= 1.2            # minimum position of z-axis [cm] 
z1= 20.6          # maximum position of z-axis [cm] 






sy=1     # (D=0) y-component of spin 
sz=0     # (D=0) z-component of spin 
dir = all             # z-direction of beam [cosine] 
proj = photon         # kind of incident particle      
e0 = 0.511           # energy of beam [MeV/u] 
ntmax= 1000   # maximum re-try number when reg is 
specified 




T-point tally in PHITS to obtain the photon energy fluence for 
all seven source organ. 
  
 [ T i t l e] 
 
Input file for photon energy fluence at each D-shuttle 
dosimeter positions for 28 mm sphere of NEMA body phantom 
 
[P a r a m e t e r s] 
 
Icntl = 0  # (D=0) 3: ECH 5: NOR 6:SRC 7,8: GSH 11: 
DSH 12:   DUMP 
Maxcas = 1000 # (D=10) number of particles per one batch 
Maxbch = 10000 # (D=10) number of batches 
Itall = 1 # options for tally output after every batch 
emin (14)  = 0.06 # cut-off energy of photon (MeV) 
dmax (14)  = 0.7  # max energy of photon 
file (6) = phits_Spere2.8cm.out #(D=phits.out) general 








Point = 11 
non x y z r0 
1 -14.65 -3.5 13.5 0.077    $ D-shuttle-1 
2 -2.6 -14.77 13.5 0.077        $ D-shuttle-2 
3 2.1 -14.77 13.5 0.077         $ D-shuttle-3  
4 14.55 -3.5 13.5 0.077     $ D-shuttle-4 
5 -14.55 -3.5 3 0.077         $ D-shuttle-5 
6 0 -15 2.3 0.077          $ D-shuttle-6 
7 14.55 -3.5 3 0.077    $ D-shuttle-7 
8 -11.15 -10.04 16 0.077        $ D-shuttle-8  
9 8 -12.72 16 0.077         $ D-shuttle-9  
10 -2.55 8.0 16 0.077         $ D-shuttle-10 
11 -2.5 8.0 12 0.077         $ D-shuttle-11                                                                                         
Part  = photon 
e-type  = 2              # x-mesh is linear given by 
xmin, xmax and nx 
ne  = 100             # number of x-mesh points 
emin  = 0.06         # minimum energy 
emax  = 0.7             # maximum energy 
unit  = 1             # unit is [1/cm2/source] 
axis  = eng             # axis of output 
file  = TP_Sp2.8cm.out  # file name of output for the 
above axis 
title  = T-Point tally 
epsout = 1             # (D=0) generate eps file by 
ANGEL 









Input file for S-value calculation in PHITS 
 
[ T i t l e] 
 
S-value in the 37 mm sphere of NEMA body phantom 
 
[P a r a m e t e r s] 
 
Icntl = 0  # (D=0) 3: ECH 5: NOR 6:SRC 7,8: GSH 11: 
DSH 12:   DUMP 
Maxcas = 1000 # (D=10) number of particles per one batch 
Maxbch = 10000 # (D=10) number of batches 
Itall = 1   # options for tally output after 
every batch 
emin (14)  = 0.06 # cut-off energy of photon (MeV) 
dmax (14)  = 0.7  # max energy of photon 
file (6) = phits_Spere37mm.out #(D=phits.out) general 




s-type= 100  # user definition source 
x0 = -7.57  # minimum position of x-axis [cm] 
x1 = -3.87  # maximum position of x-axis [cm] 
y0 = -5.35  # minimum position of y-axis [cm] 
y1 = -1.65  # maximum position of y-axis [cm] 
z0 = 11.65  # minimum position of z-axis [cm] 
z1 = 15.35  # maximum position of z-axis [cm] 
sx = 0   # (D=0) x-component of spin  
sy = 1   # (D=0) y-component of spin 






dir  = all  # z-direction of beam [cosine] 
proj  = photon # kind of incident particle          
e0  = 0.511  # energy of beam [MeV/u] 
ntmax = 1000 # maximum re-try number when reg is 
specified   
reg = 1   #37 mm Sphere 
       
[ M a t e r i a l] 
 
Mat [1] 1000 -0.1111 
         8000 -0.8889  
$ Water density 1.0 g/cm3  
Mat [2]     1000 -0.5333 
           7000 -0.3333 
           8000 -0.1334  
$ Polymethylmethacrylate (PMMA; density 1.19 g/cm3   
Mat [3] 14000 -46.7435E-2 
       8000 -53.2565E-2 
$ Silica Glass; density 2.65 g/cm3  
 
[ Mat Name Color] 
 
Mat  name   size   color 
   0  void   1   lightgray 
   1   Water  1   gray 
   2  PMMA   1   matblack 
   3  Glass  1   red     
 
[ T - Heat] 
 
Mesh = reg              # mesh type is reg scoring mesh 







 reg  vol 
 1   26.3    $ 37 mm Sphere   
 2   11.435   $ 28 mm Sphere 
 3  5.511   $ 22 mm Sphere 
 4  2.468   $ 17 mm Sphere 
 5  1.167   $ 13 mm Sphere 
 6   0.528   $ 10 mm Sphere 
 17  9690.591   $ Torso Cavity 
Unit = 0             # unit is [Gy/source] 
Material = all   # (D=all) number of specific material 
Output = heat   # total deposit energy 
Axis = reg            # axis of output 
File = t-heat_37mmSp.out # file name of output for the above 
axis 
part = all   # particle    
gshow= 1             # 0: no 1: bnd, 2: bnd+mat, 3: 
bnd+reg 4: bnd+lat 
epsout= 1             # (D=0) generate eps file by ANGEL 
 
[ E n d] 
             
Appendix-7 
 
A surface section in PHITS input file for modelling the 
Japanese mathematical phantom. 
 
[ surface]  
 
201 cz 70        
4 pz -74     $Leg dimension  
5 pz 0  






11 sq 96.04 297.5625 0 0 0 0 -28577.9025 0 0 0  $ trunk skin 
12 pz 79.09    $ Head&Neck 
13 gq 1 1 0 0 0 -0.181578947 -17.25 0 0.0289 4.247990815 
     $ Left leg  
213 gq 1 1 0 0 0 0.181578947 17.25 0 0.0289 4.247990815  
     $ Right leg  
313 gq 1 1 0 0 0 -0.181578947 -17.25 0 0 0 $Left leg skin 
413 gq 1 1 0 0 0 0.181578947 17.25 0 0 0 $ Right leg skin 
14 sq 95.2576 60.3729 0 0 0 0 -5750.97755 0 0 0 $Head1 skin 
16 sq 92.7369 291.7264 0 0 0 0 -27053.80198 0 0 0  $trunk  
18 sq 91.9681 57.76 0 0 0 0 -5312.077 0 0 0 $ Head1 
19 pz 62.93    $ height of the trunk w/o skin 
20 pz -73.83   $ Leg dimension w/o skin 
21 cz 6.8    $ Neck skin  
23 cz 6.63   $ Neck w/o skin 
24 sq 4561.54 2891.04 5750.977559 0 0 0 -275393.6 0 0 79.09 
     $ Head2 skin 
524 sq 4190.296556 2631.69 5312.077 0 0 0 -242031.5 0 0 79.09
     $ Head2 
25 sq 29756.25 11685.61 1242.5625 0 0 0 -657315.5625 -7.33 0 
39.21    $ right lung 
26 sq 29756.25 11685.61 1242.5625 0 0 0 -657315.5625 7.33 0 
39.21    $ left lung 
27 pz 41.6 
28 pz 48.5 
29 px -5 
30 py 1.2  $ end the section removed from the right lung  
31 pz 39.21  
32 pz 50 
33 px 7.1 
34 py 1  $ end the section removed from the left lung  
35 sq 61.4656 202.4929 0 0 0 0 -12446.34759 0 0 0 $ liver 






37 pz 38.76   $ liver 
38 p 0.031735957 0.022346369 -0.025799794 -1 $ liver 
39 sq 437.1110118 603.1346574 100.3122434 0 0 0 -5142.567343
 6.9 -3.92 31.55 $ Stomach wall 
40 sq 242.611776 358.799364 45.87623824 0 0 0 -1998.368938 6.9 
-3.92 31.55   $ Stomach contents 
41 sq 110.4979392 176.3504321 208.2999428 0 0 0 -2014.697876 0 
-4.41 7.21   $ Urinary bladder wall  
42 sq 82.301184 135.377879 161.951076 0 0 0 -1343.287005 0 -
4.41 7.21    $ Urinary bladder contents 
43 sq 10.361961 7.700625 3.28515625 0 0 0 -16.19056406 -1.25 -
6.75 -2.22    $ Testes-left 
44 sq 10.361961 7.700625 3.28515625 0 0 0 -16.19056406 1.25 -
6.75 -2.22    $ Testes-right 
45 sq 2411.40 1421.546 3179.89 0 0 0 -104405.31 0 0 79.09 
     $ Brain  
43 sq 1.1664 2.742336 0.304704 0 0 0 -0.98724096 5.18 0 13.52   
$ovary-left 
44 sq 1.1664 2.742336 0.304704 0 0 0 -0.98724096 -5.18 0 13.52
     $ovary-right 
47 pz 67.87    $ thyroid 
48 sq 0.16 1.1025 0 0 0 0 -0.1764 0 2.29 0  
$ esophagus: thoracic + abdominal portion  
175 sq 0.0144 0.5929 0 0 0 0 -0.008537 0 2.29 0  
$ esophagus: void  
1765 cx 0.64   $ esophagus 
1775 px 0   $ esophagus 
1785 px 7.07   $ esophagus 
49 sq 6.0025 4.6656 0 0 0 0 -28.005 -7.33 -2.31 0  
$ ascending colon-wall 
50 sq 3.24 2.2801 0 0 0 0 -7.3875 -7.33 -2.31 0 
51 pz 13.03 






53 sq 0 1.8225 6.0025 0 0 0 -10.939556 0 -2.31 22.99  
    $transverse colon-wall 
54 sq 0 0.7396 3.8416 0 0 0 -2.8412 0 -2.31 22.99 
55 px 9.06 
56 px -9.06 
57 gq 0.3810 0.2289 0.008156 0 0.08146 -0.037235 -5.2759 -
0.64031 0.14385 17.711 $ LLI descending colon 
58 gq 0.7831 0.39062 0.01423 0 0.139002 -0.0765 -10.8437 -
1.09255 0.3354 37.3003   $ descending colon 
59 pz 7.86 
61 ty 2.09 0 7.86 5.16 1.18 1.76    
$sigmoid colon -portion of upper torus 
62 ty 2.59 0 7.86 5.16 0.59 1.17 
63 ty 2.59 0 0 2.7 1.18 1.76     
$sigmoid colon -portion of lower torus 
64 ty 2.59 0 0 2.7 0.59 1.17 
65 px 2.59 
66 gq 1 1 0.007498081 0 0 -0.181997049 -17.25 0 1.400820063 
65.27777344  $ left leg bone               
67 gq 1 1 0.007498081 0 0 0.181997049 17.25 0 1.400820063 
65.27777344  $ right leg bone 
68 gq 0.683013455 0.14239943 0 0 0 0.013286918 -22.50529335 0 
-0.226940554 185.137354 $ left arm bone  
69 gq 0.683013455 0.14239943 0 0 0 0.013286918 20.85240079 0 
0.194786213 158.905949 $ right arm bone 
70 pz 62.2    $ arm bone 
71 tz 0 7.22 61.52 15.93 0.7274 0.7274 $ Clavicles 
72 p 0.73137 1 0 7.22    $ Clavicles 
73 p -0.73137 1 0 7.22    $ Clavicles 
272 p 6.4852 1 0 7.22    $ Clavicles 
273 p 6.4852 -1 0 -7.22    $ Clavicles 
74 sq 92.16 267.6496 0 0 0 0 -24666.58714 0 0 0 $ scapulae 






76 p 0.28 -1 0 0      $ scapulae-left  
77 p 0.91 -1 0 0     $ scapulae-left  
78 pz 45.88 
79 pz 60.65 
80 p 0.28 1 0 0      $ scapulae-right 
81 p 0.91 1 0 0     $ scapulae-right 
82 sq 122.5 95.06 0 0 0 0 -11649.4 0 -3.72 0  
$ pelvis & Small Intestine 
83 sq 138.29 107.12 0 0 0 0 -14814.78 0 -2.94 0 $ pelvis 
84 pz 19.83  $ pelvis (upper dimension of Pelvis) 
85 pz 12.62  $ pelvis (lower dimension of Pelvis) 
86 py 4.9   $ pelvis 
87 py -2.94  $ pelvis 
$75 sq 92.16 214.9156 0 0 0 0 -19806.6217 0 0 0   
    $ rib/Scapulae 
89 sq 83.3569 201.3561 0 0 0 0 -16784.42029 0 0 0  $ rib 
90 pz 31.67   $ rib 
91 pz 32.93  $ rib 
92 pz 34.19   $ rib 
93 pz 35.45  $ rib 
94 pz 36.71  $ rib 
95 pz 37.97     $ rib 
$31 pz 39.23     $ rib 
96 pz 40.49     $ rib 
97 pz 41.75     $ rib 
98 pz 43.01      $ rib 
99 pz 44.27     $ rib 
100 pz 45.53     $ rib 
101 pz 46.79      $ rib 
102 pz 48.05     $ rib 
103 pz 49.31     $ rib 
104 pz 50.57      $ rib 






106 pz 53.09      $ rib 
107 pz 54.35     $ rib 
108 pz 55.61      $ rib 
109 pz 56.87     $ rib 
110 pz 58.13     $ rib 
111 pz 59.39     $ rib 
$79 pz 60.65      $ rib/scapulae 
112 sq 6.0025 2.9929 0 0 0 0 -17.96488 0 5.39 0   
$ Spine (Mid, Lower) 
113 pz 72.6 
114 sq 6.0025 2.9929 0 0 0 0 -17.96488 0 1 0    
$ Spine (upper) 
214 pz 31.64 
116 sq 3666.5 2269.2 4689.8 0 0 0 -197535.3 0 0 79.09   
     $ Skull-cranium 
117 sq 79.3881 47.886 0 0 0 0 -3801.61 0 0 0   
$ Facial Skeketon 
118 sq 60.9961 33.872 0 0 0 0 -2066.084 0 0 0   
$ Facial Skeketon 
119 py  0 
22 pz 68                                   
322 pz 68.17 
120 pz 71.79 
121 pz 82.05 
122 c/z 0 -3.91 2.1   $ thyroid 
123 c/z 0 -3.91 0.95   $ thyroid 
124 py -3.91     $ thyroid 
125 gq 1 1 -0.532072047 -2 0 0 -7.82 7.82 71.48010145 -
2385.422919    $ thyroid 
126 gq 1 1 -0.532072047 2 0 0 7.82 7.82 71.48010145 -
2385.422919     $ thyroid 
127 gq 1 1 -0.10888776 -2 0 0 -7.82 7.82 14.62829741 -






128 gq 1 1 -0.10888776 2 0 0 7.82 7.82 14.62829741 -
476.0138715    $ thyroid 
129 gq 1 1 -0.059119116 -2 0 0 -7.82 7.82 6.58062581 -
164.3919824     $ thyroid 
130 gq 1 1 -0.059119116 2 0 0 7.82 7.82 6.58062581 -
164.3919824     $ thyroid 
131 gq 1 1 -0.01209864 -2 0 0 -7.82 7.82 1.346715373 -
21.48316403     $ thyroid 
132 gq 1 1 -0.01209864 2 0 0 7.82 7.82 1.346715373 -
21.48316403     $ thyroid 
133 pz 64.2925    $ thyroid 
134 px 0      $ thyroid 
135 sq 57.58988544 403.527744 38.39661225 0 0 0 -944.6180959 
5.18 5.88 29.3    $ left kidney 
136 sq 57.58988544 403.527744 38.39661225 0 0 0 -944.6180959 -
5.18 5.88 29.3    $ right kidney 
365 px 2.48 
137 px -2.48 
138 sq 16.10015625 2290.684893 347.3564063 0 0 0 -3579.195146 
-0.72 0 33.35     $ Pancreas 
139 px -0.72     $ Pancrea 
339 px 3.01    $ Pancreas 
140 pz 33.35    $ Pancreas 
141 sq 95.20295184 226.532601 29.724304 0 0 0 -800.656825 9.49 
2.94 33.35    $ Spleen 
142 sq 13.8384 49 2.64875625 0 0 0 -42.3801 0 -7.15 52  
     $ Thymus 
1431 sq 3.418801 31.2481 0.312481 0 0 0 -5.77777369 0 0 0  
     $ Left adrenal 
1442 sq 3.418801 31.2481 0.312481 0 0 0 -5.77777369 0 0 0  
     $ Right adrenal 
1451 pz 0 






1473 so 1.916    $ gall bladder 
1483 pz 0    $ gall bladder 
3483 pz 7.66    $ gall bladder 
1493 kz 8.927472527 0.05175625  $ gall bladder 
1503 kz 8.421978022 0.05175625  $ gall bladder 
1514 sq 167.2650756 494.7866384 1290.260768 0 0 0 -10333.56947 
0 0 0     $ left ventricle 
1524 sq 30.72706624 119.6573454 508.2589892 0 0 0 -1367.013377 
0 0 0     $ left ventricle-wall+contents  
1534 px 0 
1544 sq 855.445504 2530.492416 1290.260768 0 0 0 -52849.08106 
0 0 0     $ right ventricle 
1554 sq 553.049289 1828.716932 863.5487504 0 0 0 -29552.79711 
0 0 0      $ right ventricle-wall+contents 
1564 pz 0 
1574 sq 167.2650756 195.445992 509.6667456 0 0 0 -4081.869999 
0 0 0     $left atrium (wall+contens)-part 1 
1584 sq 121.176064 142.926807 403.246561 0 0 0 -2642.716662 0 
0 0      $ left atrium (wall+contens)-part 1 
1594 sq 76.19020369 89.02677316 509.6667456 0 0 0 -1859.315255 
0 0 0     $ left atrium (wall+contens)-part 2 
1604 sq 49.730704 58.65721744 403.246561 0 0 0 -1084.57195 0 0 
0      $ left atrium (wall+contens)-part 2 
1614 sq 855.445504 999.571456 509.6667456 0 0 0 -20875.9499 0 
0 0      $ right atrium  
1624 sq 694.796881 819.5108544 403.246561 0 0 0 -15152.7557 0 
0 0      $ right atrium (wall+contens) 
164 py -4.76    $ Small Intestine 
165 py 2.16    $ Small Intestine 
166 pz 15.32    $ Small Intestine 
169 p 0 1 0.090789474 -8.625   $ yz plane 
170 p 1 0 -0.090789474 8.625   $ xz plane 






171 pz -4.61    $ male genitalia 
171 py -4.77 $uterus 




tr1 3.02 4.9 34.26 0.564967003 0.825113498 0 -0.825113498 
0.564967003 0 0 0 1  $Adrenals 
tr2 -3.02 4.9 34.26 0.564967003 -0.825113498 0 0.825113498 
0.564967003 0 0 0 1  $Adrenals 
tr3 -3.98 -3.14 27.04 0.955 0 -0.2964 -0.0606 0.9789 -0.1952 
0.2903 0.2044 0.9349  $Gall bladder  
tr4 0.86 -2.1 45.1 0.6453 -0.5134 -0.5658 -0.4428 0.3523 -
0.8245 0.6226 0.7825 0    $Heart 
tr5 0 2.29 38.08 0.708385 -0.637547 -0.30286 0.668965 0.743294 




The material section and the material name, color section of 
PHITS input file for defining the composite material of Japanese 
reference phantom.  
 
[ M a t e r i a l] 
 
Mat [1]  1000 -7.279E-02  
            6000 -24.644E-02  
            7000 -3.057E-02  
   8000 -46.884E-02  
   11000 -0.322E-02  
   12000 -0.111E-02   






   16000 -0.312E-02  
   17000 -0.141E-02  
   19000 -0.151E-02  
   20000 -12.065E-02  
   26000 -0.008E-02   $skeleton     
Mat [2]  1000 -10.514E-02  
   6000 -22.631E-02  
   7000 -2.339E-02  
   8000 -63.686E-02  
   11000 -0.114E-02  
   12000 -0.013E-02   
   15000 -0.134E-02  
   16000 -0.202E-02  
   17000 -0.136E-02  
   19000 -0.202E-02  
   20000 -0.024E-02  
   26000 -0.006E-02   $Skin 
Mat [3]  1000 -10.514E-02  
   6000 -22.631E-02  
   7000 -2.339E-02  
   8000 -63.686E-02  
   11000 -0.114E-02  
   12000 -0.013E-02   
   15000 -0.134E-02  
   16000 -0.202E-02  
   17000 -0.136E-02  
   19000 -0.202E-02  
   20000 -0.024E-02  
   26000 -0.006E-02   $soft tissue 
 
Mat [4]  1000 -10.212E-02  
   6000 -10.241E-02   






   8000 -75.630E-02  
   11000 -0.185E-02  
   12000 -0.007E-02   
   15000 -0.080E-02  
   16000 -0.226E-02  
   17000 -0.267E-02  
   19000 -0.195E-02  
   20000 -0.009E-02  
   26000 -0.037E-02   $lung 
Mat [5]  7000 -0.8  
   8000 -0.2 $air 
 
[ Mat Name Color] 
 
mat name                     size color 
    0 void                       1   gray 
    1 Skeleton                   1    red 
    2 Bulk-Tissues/soft-tissues   1    cyan 
    3 skin      1 pink 
    4 Lung                       1    blue 




The 3D show and 2D show section of PHITS input file for 




icntl    =         11     # (D=0) 3: ECH 5: NOR 6:SRC 7,8: 






maxcas   =       10   # (D=10) number of particles per 
one batch 
maxbch   =          10     # (D=10) number of batches 
emin (14) = 0.1             # cut-off energy of photon (MeV) 
dmax (14) = 0.6             # max energy of photon 
$file (7) = xsdir.jnd 
file (6) = phits_JMP_3D.out  # (D=phits.out) general output 
file name 
 
[ T - 3Dshow] 
 
title = [t-3dshow: icnt = 11] 
file = JMP_3D.out   # file name of output 
x0 = 0.000000       # (D=0.0) x-coordinate of the origin 
y0 = 0.000000       # (D=0.0) y-coordinate of the origin 
z0 = 0.000000       # (D=0.0) z-coordinate of the origin 
e-the = 60.0000     # (D=80.0) eye point theta(degree) from z-
axis 
e-phi = 290.00000   # (D=140.0) eye point phi(degree) from z-
axis 
l-the = 40.0000     # (D=e-the) light point theta from z-axis 
l-phi = 310.00000   # (D=e-phi) light point phi from z-axis 
w-wdt = 200.0000    # (D=100) width of window (cm) 
w-hgt = 200.00000   # (D=100) hight of window (cm) 
w-dst = 200.00000   # (D=200) window distance from origin 
w-mnw = 50          # (D=100) mesh number of window width 
w-mnh = 50          # (D=100) mesh number of window hight 
heaven =    z       # (D=y) direction to heaven 
w-ang = 0.000000    # (D=0.0) angle of frame (degree) 
bright = 1.0000000  # (D=0.8) top brightness 
dark = 0.2000000    # (D=0.2) bottom darkness 
resol =   20        # (D=1) resolution of 3dshow 






r-out = 50000.00    # (D=50000) radius of outer sphere 
output =    3       # (D=3) 0: draft, 1: line, 2: col, 3: 
line+col 
line =    0         # (D=0) 0: surface+mat, 1: +region 
shadow =    1       # (D=0) 0:no, 1: shadow 
epsout =    1         # (D=0) generate eps file by ANGEL 
    
[ T - Gshow] 
 
mesh = xyz     # mesh type is xyz scoring mesh 
y-type =    2  # y-mesh is linear given by ymin, ymax and ny 
ny = 400       # number of z-mesh points 
ymin = -15.    # minimum value of y-mesh points 
ymax =   15.   # maximum value of y-mesh points 
z-type =    1  # z-mesh is given by the below data 
nz =    1      # number of z-mesh points 
     -1 1 
x-type =    2  # x-mesh is linear given by xmin, xmax and nx 
nx = 400       # number of x-mesh points 
xmin = -25     # minimum value of x-mesh points 
xmax =   25    # maximum value of x-mesh points 
axis =   xy    # axis of output 
output = 8 
file =JRFP_Z47cm.dat 
epsout = 1 
 
[ E n d]                
 
